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ABSTRACT
MECHANICAL EVALUATION METHODS FOR
POLYMER AND COMPOSITE SYSTEMS
FEBRUARY 2011
DONNA WRUBLEWSKI, S.B., MASSACHUSETTS INSTITUTE OF TECHNOLOGY
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Alan J. Lesser

This dissertation describes the development and application of various mechanical
characterization techniques to four types of polymer composite materials. The composite
nature of these materials ranges from molecular to macro-scale, as do the size scales
probed by the techniques chosen. The two main goals of this work are to evaluate the
suitability of existing characterization methods to new composite materials (and augment
the methods as needed), and to use these methods to determine optimal composite system
parameters to maximize the desired mechanical response.
Chapter 2 employs nondestructive ultrasonic spectroscopy for characterizing the
stiffness response of both micron-scale woven composites and macro-scale glasspolymer-glass laminates. Both traditional wavespeed measurement as well as aspects of
resonant ultrasonic spectroscopy are applied to determine material parameters.
The laminates are also examined in Chapter 3, which utilizes both large-scale and
small-scale quasi-static and dynamic puncture tests to elucidate the size- and ratedependence of dynamic behavior. Because of limitations encountered with these
ix

methods, a smaller-scale, more fundamental test is developed and applied which focuses
solely on the deformation and delamination of the polymer. These two processes, which
account for the vast majority of energy absorbed during a puncture event, can be
evaluated in terms of self-similar process zone propagation process models. Identifying
and optimizing the relevant model parameters can promote the design of systems with
maximum energy absorption.
Exploratory work on nanocomposite systems is presented in Chapter 4. The
polymer matrix from the laminated systems of the previous chapter is used to produce
nanosilica composites. A range of techniques are employed to determine the level of
dispersion and the mechanical reinforcement provided.
The final project presented investigates copolycarbonates, or molecular composites,
that have been developed to lessen the detrimental effect of aging on mechanical
properties. Mechanical and thermal measurements can elucidate the effect of structure,
specifically molecular mobility, on susceptibility to physical aging. The differences in
molecular mobility contribute to differences in energy absorption by plastic deformation
and damage, which is required for material toughness. Thus, understanding the
molecular structure allows for determination of an optimal structure or copolymer
concentration to maximize fracture toughness.
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CHAPTER 1
OVERVIEW

1.1 Introduction
Protection and security are in the forefront in all aspects of American life. The
destruction of the Word Trade Center and the subsequent wars in Afghanistan and Iraq
are two events highlight the need for advanced materials to protect both civilian and
military lives against attack. The work outlined in this thesis aims to provide the basis
for developing and characterizing polymeric and composite materials for defensive
technology. Four types of composite polymer materials will be evaluated with
complementary mechanical techniques designed to determine optimal system properties.

1.2 Ultrasonic Characterization of Composite Polymer Materials
Determining the mechanical properties of a polymer or composite material is of
utmost importance when evaluating its suitability for a given application. For anisotropic
materials, including oriented fibers, films and anisotropic fiber/matrix composites,
mechanical properties are a function of the anisotropic morphology of the material and
can vary greatly depending on the direction of testing.
Ultrasonic characterization is a non-destructive technique that has broad
applications in materials science. Its use to measure material stiffness coefficients is
based on the propagation of elastic waves in crystalline materials.1, 2 This technique was
initially used as a method of measuring the energy-dissipating processes for volumetric
and shear deformation in amorphous polymers.3 It has been successfully applied to
1

vitreous glasses,4 unidirectional carbon fiber/epoxy matrix composites,5, 6 and more
recently, bi-directional woven glass/epoxy orthotropic laminated composites.7 In
addition to wavespeed measurement, it also has been used to measure intrinsic composite
system resonances and extract material parameters from frequency spectra.8-10
The work presented in Chapter 2 focuses on two types of composite materials.
The first is an aramid fiber/thermoplastic elastomer matrix composite. Throughtransmission ultrasonic spectroscopy is used to measure the particle velocity through the
material at different angles and reconstruct the stiffness matrix. The second type of
material is a glass-polymer-glass laminated composite. For this material, ultrasound is
also used to measure sound velocity, but in this system the resonant frequencies of the
composite system are measured and related back to system properties.

1.3 Small-Scale Modeling of Impact Properties of Laminated Safety Glass
The main material used for architectural and automotive applications is laminated
safety glass (LSG). LSG is used both in civilian and military transportation systems, and
in buildings designed to withstand attacks from humans and from nature, most notably in
the form of hurricanes along the Gulf Coast.11 Traditional LSG is comprised of a layer of
plasticized polyvinyl butyral (PVB) laminated between two sheets of glass. PVB resin
and plasticized PVB have been used in LSG since 1938.11 The main suppliers of PVB
resin and plasticized PVB sheet in the United States are Solutia (formerly Monsanto) and
DuPont.11, 12 The studies proposed here will all utilize PVB resin and interlayers
manufactured by Solutia.

2

Arguably the most important property of LSG is its impact resistance. Traditional
industrial testing utilizes relative large samples in great quantity. This presents some
drawbacks, namely lots of material is needed, and many tests need to be done. A
smaller-scale test that uses less material and can be performed quickly, and provide more
fundamental information, is thus highly desirable.
The purpose of the work presented in Chapter 3 is to use instrumented small-scale
impact testing techniques to predict impact performance of larger-scale industry standard
impact tests by examining the self-similar failure behavior of both types of samples. The
through-crack-tension specimen, previously presented in work by DuPont,13, 14 is also
revisited by modeling the delamination and deformation to provide more fundamental
information. By understanding the relationships between these sets of tests, small scale
dynamic or quasi-static tests may be able to be used as screening or predictive tests for
new materials.

1.4 Exploratory Viscoelastic Studies of Silica-Filled Plasticized Poly(Vinyl Butyral)
Improvements to LSG interlayer might be found in the field of nanotechnology.
Nanoparticles are broadly defined as particles with at least one dimension in the
nanoscale range.15 Because of the very high surface area to volume ratio of nanoparticles,
significant matrix reinforcement can occur at very small loading levels as opposed to
traditional fillers, thus keeping density and light transmission relatively unchanged.15, 16
Since the development of nylon-clay nanocomposites at Toyota17, 18 many efforts have
been made to incorporate nanotechnology to improve existing materials.15, 16, 19

3

Improving the mechanical properties, such as impact strength, of LSG via
nanotechnology may offer improved defense capabilities. In particular, for viscoelastic
materials similar to PVB, nanofillers have been shown to increase the low-strain
modulus.20, 21 This work will evaluate proprietary PVB nanocomposites for use in
laminated glass technology. However, specialized nanoparticles, particularly research
materials, can be expensive and of limited quantity. Therefore, small-scale methods are
desirable to test their efficacy as composite fillers.
The work presented in Chapter 4 represents an initial survey of the mechanical
and viscoelastic properties of fumed silica/plasticized PVB composites. In particular,
dynamic tests are used to observe if the Payne Effect22 is manifested, and what low-strain
reinforcement, if any, is provided by the nanosilica.

1.5 Effect of Aging on the Mechanical Properties of Polycarbonate and Copolycarbonates
An alternative to traditional LSG technology industry will also be evaluated.
Polycarbonate, long used as an engineering thermoplastic in a variety of applications, is
competing with LSG in automotive and architectural applications.23, 24 However, like
many glassy polymers, polycarbonate undergoes physical aging as its non-equilibrium
glassy state orders to reduce excess free energy.25 This can have dramatic effects on its
physical properties25 which must be taken into consideration when designing for an end
use application.
The work presented in Chapter 5 will explore the aging behavior of three
polycarbonate systems and its effects on their mechanical properties. Aging will be
induced by annealing below the glass transition temperature, and the resulting
4

mechanical, thermal, and fracture properties will be compared to unaged behavior. The
changes are examined in light of a thermally-activated yield model, and the effect of
changes in molecular motion on the resulting fracture behavior.
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CHAPTER 2
ULTRASONIC CHARACTERIZATION OF COMPOSITE POLYMER MATERIALS

2.1 Overview
This chapter is comprised of two projects utilizing ultrasonic spectroscopy. The
first section, 2.2, describes the determination of mechanical stiffness matrix constants,
which are used to model material response. The second section, 2.3, utilizes the concept
of resonance ultrasonic spectroscopy to characterize laminated safety glass, a concept
which has heretofore not been explored. Each section will contain its own relevant
background information.

2.2 Calculation of Stiffness Matrix Coefficients
2.2.1 Background
Material stiffness coefficients are useful in predicting and evaluating material
response under a variety of different stress states and are dependent upon the material's
symmetry. Traditionally, several different mechanical tests are used to determine the
stiffness coefficients in different directions.26 Extensional moduli are usually determined
by standard tensile tests. Poisson's ratio can be calculated by two extensometers
measuring both sample elongation in the load direction and contraction in one of the two
transverse directions. If the sample is geometrically unable to support extensometers, as
with a thin film, optical methods can be used. Torsion tests or lateral compression tests
can yield shear moduli values. These methods, however, suffer from several accuracy
limitations,26 notably nonuniform stresses induced by clamping effects for tensile and
6

torsional experiments and small deformation limits for transverse deformation (Poisson’s
ratio) measurements. More recent work has expanded upon this basic set of experimental
techniques. In this department, Farris used vibrational holography in conjunction with
tensile testing and high-pressure gas dilatometry to determine the principal symmetry
directions and stiffness matrix components of thin, oriented polymer films.27, 28 A
combination of axial loading and torsional deformation has also been used for
unidirectional fiber composites to determine stiffness constants.29
Another approach to measuring the material stiffness matrix uses ultrasonic
spectroscopy. This method is based on the propagation of elastic waves in crystalline
materials.1, 2 Compared to traditional testing, ultrasound has the advantages of being a
nondestructive test30 and usually requires smaller amounts of material.31 The ultrasonic
immersion technique5, 7, 32 is commonly employed to measure ultrasonic wave velocities.
In this setup, the material to be measured is placed between two longitudinal wave
immersion ultrasonic transducers in a bath of coupling media (usually water). This has
the advantage over directly attaching transducers to the material surface31 in that one
setup can be used to investigate a variety of incident angles and wave propagation
modes.5, 31
Ultrasonic spectroscopy can employ either longitudinal or shear waves for wave
speed measurement. The majority of literature on this subject involves the use of one
sample of material, cut in a principal plane, that is rotated through various angles.
Longitudinal immersion transducers are used to measure the wavespeeds through the
material at these angles, and from these wavespeeds the coefficients are calculated
7

according to the above equations. The method presented here is an adaptation on this
immersion technique: instead of rotating the sample to access non-principal planes, the
sample is instead sectioned at various angles.31, 33 Longitudinal and shear waves can be
measured directly at normal incidence to samples cut at different angles to the principal
planes of symmetry.
The Christoffel equations relate wave speed measurements in different principal
planes to the prescribed symmetry stiffness matrix. Each set of samples can be measured
three ways – longitudinally, in-plane transversely, and out-of-plane transversely –
corresponding to the three solutions of the Christoffel equations. Because the incident
angle of the longitudinal wave is not 0o in this setup, the two “quasi” modes of wave
propagation are generated at the liquid-solid (water-sample) interface.
Measurements through angular progressions in each plane allow for an overdefined system of equations to be utilized to solve for the complete stiffness matrix of the
material. As in prior work,1, 7, 32, 34, 35 the analytical methods employed here for coefficient
calculations utilize traditional mathematical techniques for solving overdefined systems
of equations. Out-of-plane shear waves can be solved via an overdefined system of linear
equations, whereas the in-plane equations for the quasi-shear and quasi-longitudinal
propagation directions require nonlinear methods to solve the overdefined system. This
reduces the uncertainty introduced by assuming or calculating values based on other
measured values using predefined symmetry relations. The only assumption of symmetry
is introduced by the definition of the stiffness matrix itself as a whole; i.e. one particular
value is not specifically used to calculate any other value via a symmetry relation. Using
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an overdefined system also reduces the error propagated by such a calculation. Here, the
algorithm uses between 8 and 10 equations to calculate the 4 coefficients related to each
plane of symmetry in the material.2, 7, 35

2.2.2 Calculation of Stiffness Matrix
The fundamental relationships governing basic linear elastic mechanics and wave
propagation in solid materials has been extensively defined elsewhere.1, 2, 36 A summary
of pertinent results will be presented here.
The mechanical behavior of elastic materials is governed by the well-known
Hooke's Law:
(2.1)
where σij is the two-dimensional stress tensor relating force and direction, εij is the twodimensional strain tensor relating displacement and direction, and cijkl is the fourdimensional stiffness tensor relating stress and strain. In practice, this 81-term tensor is
usually reduced to at most 21 values due to deformational mechanics laws, energy
balances, and symmetry. The equation is usually rewritten such that the stress and strain
tensors are one-dimensional and the stiffness matrix itself is two-dimensional:
(2.2)
The individual values, however, retain their geometric significance and this
rearrangement is purely for ease of mathematics.
The mechanical response of elastic materials can be predicted if the matrix of
stiffness coefficients is known. In general, for orthotropic elastic materials, there are nine
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terms in the stiffness matrix – two each for motions within each plane of distinct
symmetry (i.e. tensile and compressive motions), and one each for motions out of the
plane of symmetry (shear motions):

(2.3)

Material symmetry will reduce the number of independent coefficients; for example, a
planar isotropic material may have c22 equal to c33, and a fully isotropic material may
have only three independent values, for tensile, shear, and compressive deformation.
A plane wave propagating in an elastic material may be represented as follows:1
(2.4)
For a given wave propagation direction, there are three different particle motion
directions that can occur, as shown in Figure 2.1. These are dependent on the incident
wave type and the symmetry of the volume element of material being examined. These
three particle motion directions are shown as follows for a plane wave traveling in the +y
direction:
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Figure 2.1: Directions of particle motion relative to wave propagation directions.1
When the particle motion is parallel to the wave direction, a longitudinal wave
propagates. When the particle motion is perpendicular to the wave direction, either in the
x-z or y-z plane, a transverse (or shear) wave propagates. Because of the different
directions involved with each type of wave, different elastic constants govern its motion.
By measuring the speed of propagation of these different types of waves, the different
elastic constants can be determined.
Combining the mechanical response described by Hooke's Law with the equations
of motion for plane waves, one can use wave propagation measurements to determine the
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coefficients in the stiffness matrix. By measuring the speed of wave propagation in
different directions, the values of different constants can be determined.
The full set of equations relating wave propagation direction and particle motion
direction are given by the Christoffel Matrix:

(2.5)

where ρ is material density, Vp is measured wave speed, Ui is the particle motion, Ni is
the matrix of cosines describing the wave propagation direction, and cij are the elements
of the stiffness matrix.
For a given wave propagation direction, there are three possible particle motion
directions (as shown in Figure 2.1) that are described by calculating the determinant of
the above system of equations and solving the resulting equation for its three roots. Each
eigenvalue equation describes the propagation velocity of one of the three modes of
waves in the given propagation direction as a function of the elastic constants. Usually,
one mode is a “pure” mode involving particle motion purely polarized in one direction.
The other two are described as “quasi-longitudinal” and “quasi-transverse”, as their
particle motion is usually best described by elements of both types of motion.
For example, a wave traveling in the x-y plane at some angle between those axes
will have no wave propagation direction component in the z-direction, hence Nz = 0. The
three equations that then describe the three types of waves are:
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Pure Shear (particle motion in the x-z plane)

(2.6)

Quasi-Shear (particle motion in the x-y plane)

(2.7)

Quasi-Longitudinal

(2.8)

The equations for propagations in the X-Z and Y-Z planes can be found in Appendix A.1.
These different waves can be generated by using different incident waves
(longitudinal or polarized transverse waves). The “quasi” waves indicate that the particle
motion is some combination of longitudinal and transverse because the wave propagation
is not in a pure symmetry direction. Note that each equation contains multiple unknown
coefficients. Therefore, multiple Vp measurements at different directions (Ni's) are
needed to construct a system of equations which can then be solved for the coefficients.
By measuring across a plane, for example from the x-axis to the y-axis at 10o intervals,
such a system can be constructed. By making more measurements than needed
unknowns, an overdefined system is created that can reduce the amount of error in the
calculated values.
The pure shear equation is a simple matter to solve using any algorithm for
overdefined linear equations. However, the “quasi” equations are more complex due to
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the nature of the defined function. Taking the square of both sides and attempting to
solve for the unknown coefficients leads to a functional that is not purely convex as
shown in Figure 2.2:34

Figure 2.2: False minimum as a result of squaring equation to find solution.34
The graph shows schematically the solution for the squared “quasi” equation, with
the equation (“Fonctionnelle”) being plotted as a function of the unknown coefficients
(“Inconnues Xi”). Trying to solve this form directly will usually lead to incorrect values
due to the large well of the fictive solution (“Minimum 2 fictif”) and the relative
narrowness of the well of the real solution (“Domaine d'attraction de la solution 1”). In
the literature this is usually dealt with by assuming one of the four constants is
definitively known, and as stated above, working with measurements in a principal plane.
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2.2.3 Materials and Sample Preparation
For transducer verification, the wavespeed of commercial polycarbonate (Lexan,
GE, McMaster-Carr, 1/8” thick) was measured using both longitudinal and shear
transducers.
A woven glass fabric-epoxy matrix composite (Garolite, grade G10/FR4, 0-90
layup) was obtained from the McMaster-Carr Supply Company in 1” x 1” x 4’ rods.
Thirty cubes (1” x 1” x 1”) were sectioned from the rod, and one cube was used per
sample. Samples were cut in such a way that the measurement direction was
perpendicular to the plane of the sample, as shown in Figure 2.3.

Figure 2.3: Measurement of propagation direction for cut sample.
Three progressions of samples were cut: one in the X-Y plane, one in the X-Z
plane, and one in the Y-Z plane. The Z direction was defined as the fabric stacking
direction, with the X-Y direction being in the plane of the fabric. The cutting angle was
measured by a mounted protractor and cuts were made at 10o intervals using a Leco lowspeed saw. This method produced very smooth and parallel surfaces. Prior to ultrasonic
measurement, the G10 was towel-dried and observed overnight for water absorption. The
amount of water absorbed from the ambient lab atmosphere was less than 1% of the
weight of each sample, so it was assumed that for the length of time each sample would
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be immersed, the water absorption would be negligible and thus have no effect on the
velocity measured.
A 12” x 12” X 0.75” plaque of woven aramid fiber-SBS matrix composite was
obtained from the Army Research Laboratory. The aramid fibers were oriented in a 0-90
layup direction in a total of 67 plys. Cubes (approximately 1” x 1” x 1”) were sectioned
from the plaque, and one cube was used per specimen. Specimens were cut as described
above for the Garolite samples (see Figure 2.3). Two progressions of samples were cut:
one in the X-Y plane and one in the X-Z plane. The Z direction was defined as the fabric
stacking direction, with the X-Y direction being in the plane of the fabric. To prevent
water uptake during density and ultrasonic measurements, each sample was dried to
constant weight in a vacuum oven and then spray coated with two very thin layers of
polyurethane so as not to affect the density or bulk wave velocity measurements.
The thickness of each specimen was measured in no less than three places, and
the average was used in subsequent calculations.
The density of each specimen was measured by the displacement method in water
at room temperature, in accordance with ASTM D792-00. Also, the dimensions and
mass of a representative block (approximately 1” x 1” x 1”) was measured, and the
density calculated in that manner was in good agreement with displacement method
values.

2.2.4 Experimental Setup and Methods
For all tests, a Panametrics Model 5900PR 200MHz computer-controlled
pulser/receiver was used to generate and receive signals. The Panametrics Automated
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Systems Multiscan MEI 6.11 software program (provided by Panametrics) was used to
analyze the time-domain signals. All immersion transducers used were longitudinal
transducers, and were used in a water bath kept at ambient laboratory conditions,
23oC±1oC. For initial testing, one 10MHz transducer from Olympus NDT was used in a
pulse-echo mode. In this setup, the material and transducer were immersed and wave
reflections are measured from the front and back of the sample, as shown in Figure 2.4.

Figure 2.4: Schematic of pulse-echo setup.
From the time delay of these pulses, and the thickness of the specimen, the wavespeed in
the material can be calculated according to Equation 2.9:
(2.9)
For subsequent tests, two 2.25 MHz transducers from Olympus NDT were used in
through-transmission mode, shown in Figure 2.5. This frequency was chosen so as to
minimize wave distortion and internal reflection.31, 32

17

Figure 2.5: Schematic of through-transmission setup for wavespeed measurement.
The wavespeed in water Cw, measured with no sample between the transducers, can be
calculated according to Equation 2.10:5
(2.10)
where d1 and d2 are the distances indicated in Figure 2.5, and tv is the time of the peak
longitudinal wave. Once this is calculated, the wavespeed in each sample Cs is
calculated5 from:
(2.11)

where Cw is defined above, b is the sample thickness, and τ is the time difference between
the water signal (no sample in between the transducers) and the sample signal.
Subsequently, each sample was placed in the sample holder and two scans were
taken through different parts of the sample. For earlier trials, more scans were taken, but
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comparing the scans and thickness variations showed that variation was negligible and
two scans would be sufficient.
For the G10 samples, shear measurements were also taken using an Olympus
NDT 2.25 MHz contact shear transducer. A thin layer of Olympus Couplant SWC Normal Incidence (Industrial Ultrasonic Couplant - Shear Gel by Sonotech) was used as a
coupling medium between the transducer and the sample. Measurements were taken
perpendicular and parallel to the cut progression direction for the X-Y and X-Z cut
sequences. The Y-Z cut sequence samples were too narrow to allow for proper contact
between the transducer and the surface, and thus were not measured. The shear
wavespeeds were calculated according to Equation 2.9.

2.2.5 Results and Analysis
The densities of the G10 and the aramid fiber composite were measured at 1850
kg/m3 and 1030 kg/m3, respectively.
For each specimen of the G10 composite, longitudinal wavespeeds were
calculated according to Equation 2.11. Shear wavespeeds for the X-Y and X-Z
progressions were measured at ambient laboratory temperature (23oC±1oC) and the
wavespeeds were calculated according to Equation 2.9. Shear measurements made in the
plane perpendicular to the cut direction sequence were used in solving for the out-ofplane stiffness coefficients with a Scilab matrix function program according to Equation
2.6. Essentially this solves an overdefined system of equations using matrix reduction
methods. Longitudinal measurements made in the planes of the cut directions were used
to solve for the in-plane stiffness coefficients according to Equation 2.8. The algorithm
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used implements the Levenberg-Marquardt method for optimizing overdefined nonlinear
systems of equations. The final calculated stiffness matrix for G10 is shown in Figure
2.6.

GPa

Figure 2.6: Solution matrix for G10.
Analysis for the stiffness coefficients of the aramid fiber composite was carried
out in a similar manner. The final calculated stiffness matrix for the aramid fiber
laminate is shown in Figure 2.7.

GPa

Figure 2.7: Solution matrix for aramid fiber laminate.
There were some difficulties encountered with this analysis method. The first is
that Equation 2.8 does not converge if all four coefficients are left independent, for
reasons discussed in Section 2.2.2. Because of the nature of the equation, and in
particular the relationship between the shear coefficient and the rest of the unknowns, it is
necessary to specify one other variable. In the G10 system, for the case of the X-Y
progression, c66 can be determined from the perpendicular shear measurements in the X-Z
progression. As such, it can be used to solve for the quasi-longitudinal coefficients,
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reducing the number of unknowns to three and allowing for convergence. The same
pattern can be used for solving the X-Z progression coefficients, and this was the
procedure used to obtain the values in Figure 2.7.
The aramid fiber system presented additional difficulties. Because the matrix of
the aramid fiber composite is above its glass transition temperature at room temperature,
the shear waves are strongly damped. Thus shear wave speed measurements were not
possible on any specimens. Also, due to difficulty cutting specimens of proper size for
ultrasonic measurements, only X-Y and X-Z progressions were cut for the aramid fiber
composite sample. Given that the layup is theoretically 0-90, X-Z progression values
should be able to be used for Y-Z progression calculations.
Because shear measurements were not obtainable, longitudinal measurements in
defined principal directions were used to reduce the number of unknowns. For the X-Y
and X-Z plane progressions, c11 was taken as defined. Because of the 0-90 symmetry, c13
and c23 were assumed to be equal, as were c44 and c55.
The highly negative values in the off-axis principal directions could be due to a
negative Poisson's ratio in the composite material. This phenomenon has been attributed
to anisotropic fibrous media in some directions,37 void space, hierarchical laminates, nonaffine or heterogeneous deformation,38 or high normal-shear coupling.39 In this case,
given the high fiber content, it is possible that may be an explanation. However, it may
also be due to an insufficient number of independent measurements.
More troublesome are the negative values for c44, c55 and c66. Although seen in
situations where a material is, for example, pre-deformed,37 the lack of any obvious
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characteristic here makes such large negative values suspect. Rewriting Equation 2.3 in
full using Hooke's Law constants yields:40

(2.12)

where σii = normal stress terms
σij = shear stress terms
νij = Poisson's Ratio terms
Ei = Young's modulus
Gij = shear modulus

Therefore, by direct comparison with Figure 2.7, Gyz and Gzx are equal to -456.2 GPa
which seems improbable. Thus, the validity of the matrix should be checked.
In order for a stiffness coefficient matrix to be physically valid, it must have the
property of positive definiteness, which is demonstrated by all the eigenvalues of the
matrix having positive values.41, 42 The eigenvalues for the G10 and aramid fiber laminate
were calculated using Scilab and the values are shown below in Table 2.1.
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Table 2.1: Eigenvalues for G10 and Aramid Fiber Laminate Stiffness Matrices
G10 Matrix
Aramid Fiber
Eigenvalues
Laminate Eigenvalues
4.1

-912.4

4.5

-912.4

4.5

-18.4

4.6

22.5

20.2

29.6

68.4

113.7

As clearly seen, three of the eigenvalues for the aramid fiber laminate are negative
values. Thus this cannot be a valid stiffness matrix. As stated before, this is probably
due to an insufficient number of measurements being used to calculate the matrix
coefficients, which is a result of the difficulty in fabricating the appropriate samples. If
there are not enough independent values to use in solving the overdefined system of
nonlinear equations, incorrect solutions will be arrived at, as detailed previously.

2.2.6 Conclusions
An alternate experimental procedure has been presented for the determination of
the material elastic constants of solid materials via ultrasonic wave propagation. Unlike
other methods in which a symmetry is defined by either the experimenter or determined
by additional experiments, here it is a natural consequence of testing over a wide range of
angles. Using a base [C] matrix (Equation 2.3) of relatively low symmetry, higher order
symmetries will become evident through the analysis. Should one want to prescribe a
symmetry, it can easily be accommodated by changing the [C] matrix of Equation 2.3.
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Calculating plane rotations separately provides another check on those coefficients that
are common to more than one rotation.
With regards to experimental setup, it appears that a through-transmission setup is
better suited for wavespeed calculations. Although a pulse-echo method would in theory
provide more accuracy by allowing for more wave travel time within the specimen (since
it is reflected), there are factors that negate this benefit. In particular, the sample mount
and placement must ensure no reflections from other sources are produced. Related to
this is the choice of transducer frequency. Going to a lower frequency transducer
provided more accurate results since lower frequencies are not attenuated by the sample
as much as higher ones.
One obvious limitation is that there must be enough material to make a sufficient
number of cuts in order to provide enough values for an overdefined system to solve.
Also, because a number of values are needed, accurate values for both wavespeed and
density need to be obtained. However, these issues can be resolved by using common
modern ultrasonic equipment, and by ensuring multiple measurements of density are
taken. By making multiple measurements across several angles, the error is minimized
when calculating the stiffness matrix.
Finally, this method works optimally with materials that are able to sustain shear
waves – as such, most polymers above or near their glass transition would not be suitable
for this method, as was the case for the aramid fiber composite.
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2.3 Resonant Frequency Response of Laminated Polymer Structures
2.3.1 Resonant Ultrasonic Frequency Background
Ultrasound has been used to characterize laminated epoxy-metal composites using
the fundamental resonant frequencies of the composite system.9, 43-46 This use of
resonance has been itself expanded in the field of resonant ultrasonic spectroscopy. 10, 47, 48
By measuring the observed resonances, system properties can be determined. This has
been done with both broadband ultrasonic transducers49, 50 and laser-based systems.8, 51
Modeling these resonances can allow for easy identification of unknown laminates from a
measured waveform. This work will explore the application of this technique to
characterize glass-PVB-glass laminates.

2.3.2 Theoretical Treatment
The fundamental frequency of vibration in a material is calculated according to:
(2.12)
where c = wavespeed in material (m/s)
d = thickness (m)
f = fundamental frequency (Hz)
If the wavespeed and thickness are known, the frequency can be calculated and compared
to a measured spectrum of intensity over a range of frequencies. This spectrum will show
multiples of the resonant frequency over the measured frequency range. An example is
shown in Figure 2.8.
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Figure 2.8: Example of fundamental frequency measured by laser ultrasound.8
In practice this technique can be applied in both pulse-echo and throughtransmission ultrasonic setups. However, as with stiffness matrix calculations, an
appropriate frequency must be chosen for the transducer, particularly for pulse-echo
measurements. In this case, the frequency must produce a wavelength in the material that
is less than the material thickness, otherwise echoes from the back wall of the sample will
overlap and deconvolution of the pulses is not straightforward. A balance needs to be
struck because higher frequency transducers usually have less power and thus penetrating
depth. The effect of frequency on the wavelength in glass is shown in Table 2.2.
Table 2.2: Wavelengths in Glass at 5100 m/s of Available Transducers
Transducer Frequency
Resulting Wavelength
2.25 MHz

2.3 mm

10 MHz

0.5 mm

20 MHz

0.255 mm

50 MHz

0.10 mm

100 MHz

0.005 mm

The properties of acoustic waves in multilayered structures have been extensively
developed by Brekhoviskikh. Specifically, with regard to laminated structures immersed
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in semi-infinite media, the through-transmission wave is a function of not only the
individual layer and media impedances, but also the aggregate combinations of
impedances the wave encounters as it travels through the laminate. A schematic of such
a system in shown in Figure 2.9.

Figure 2.9: Schematic showing transmission of plane waves through a multilayered
structure.52
Brekhoviskikh's development,52 based on the matrix transfer method of relating
the stresses and displacements across the interfaces, leads to the following relationships
for the power spectra. For a single elastic plate surrounded on each side by semi-infinite
media, the transmission spectrum is given by:
(2.13)

where:
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and

For a structure of n layers, the relationship is more complicated:
(2.14)

where Mxy are tabulated matrix transfer coefficients.52
Knowing the material properties allows for the prediction of the output waveform
from this calculation. This can then be compared with the actual spectrum obtained from
the material. Either pulse-echo or transmission spectra can be used, as long as the echoes
can be resolved (see Table 2.2). In pulse-echo, the resonance frequencies will show as
minima as they are absorbed and not reflected. In transmission, they are maxima as the
plate resonates and emits those frequencies through to the other transducer.

2.3.3 Materials and Experimental Methods
Soda lime float glass plates 3.0 mm thick and glass-PVB-glass laminates were
obtained from Solutia Inc. All samples were 3” x 3”. For the laminates, 2.3 mm-thick
soda lime float glass was used, with the “air side” laminated in contact with the 0.8 mmthick PVB interlayer. The overall thickness of the laminate was 5.4 mm.
The ultrasonic setup used was described in Section 2.2.4. A 20MHz transducer in
pulse-echo mode (Figure 2.4) was used to determine the longitudinal wavespeed of the
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glass plate, which was subsequently used to calculate the expected resonance frequency
of the glass used in the laminates. This frequency was chosen to keep the wavelength
less than the thickness and thus allow for clear resolution of the echoes. The shear
wavespeed was measured as described previously in section 2.2.3. A program was
written using the open-source numerical computing package Scilab53 incorporating
Equation 2.13 based on this wavespeed and thickness to model the power spectrum as a
function of frequency for the glass plate to verify the accuracy of the method.
Independent measures of PVB properties were also made for calculation
comparison. Tensile modulus was measured via dynamic mechanical analysis using a
Rheometrics Solids Analyzer (RSA II). Temperature sweeps were run in tensile mode at
1 Hz to determine storage modulus. Density was measured using a Micromeritics
AccuPyc 1340 helium pycnometer. Shear modulus was measured via parallel plate
rheometry using a Rheometrics Dynamic Spectrometer RDS II.
The through-transmission setup shown in Figure 2.5 and described in Section
2.2.4 was then used to measure the waveform through the laminated sample. The timedomain signals were analyzed to determine the wavespeed of the PVB interlayer and
other laminate characteristics. The Panametrics software was used to calculate the
Fourier transform of the time-domain signal. This was then compared with an overall
model for the laminate resonance based on Equation 2.14.

2.3.4. Results and Analysis
For initial setup and method verification, the 3.0 mm float glass specimen was
used. The measured thickness was 3.0 mm. From pulse-echo measurements using a
29

20MHz transducer, the longitudinal wavespeed was calculated according to Equation 2.9
as 5780 m/s. The waveform used for this calculation is shown below in Figure 2.10.

Figure 2.10: 20MHz pulse-echo measurement of wavespeed for 3.0 mm glass plate.
Given the wavespeed (5780 m/s) and the thickness (3.0mm) the fundamental frequency
should be 0.963 MHz according to Equation 2.12. A schematic of the ultrasound setup is
shown in Figure 2.11(a). Due to the material properties of the glass, as well as the
excitation frequency range employed, a standing wave resonance pattern should be
observed in accordance with Equation 2.12. To verify this, a through-transmission
spectrum was then measured with 20MHz transducers, and the Fast Fourier Transform
(FFT) was calculated by the Olympus software and is shown in Figure 2.11(b).
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Figure 2.11: (a) Schematic of reflected and transmitted waves in single ply glass. (b) Fast
Fourier Transform spectrum of 3.0 mm single ply glass taken in through-transmission
mode.
The intensity appears proportional to that of the frequency in the pure water
spectra. From the peaks in this spectrum, the fundamental frequency can be calculated
knowing the wavespeed calculated previously. The fundamental frequency is found by
plotting the frequency peaks versus peak number or order as shown in Figure 2.12.

Figure 2.12: Determination of fundamental frequency from peak order.
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From Figure 2.12, the fundamental frequency is 0.978 MHz which is about 1.5%
difference from the calculated value.
In order to utilize Equation 2.13 to model the frequency response, the shear
wavespeed in the glass must also be determined. Knowing the longitudinal wavespeed
and density of the glass allows for Equation 2.13 to be used to predict the FFT spectrum.
A 2.25 MHz contact shear transducer was used to measure the shear wavespeed and it
was found to be 3470 m/s.
The Scilab code used for the actual calculation is presented in Appendix A.2. The
resulting graph of Equation 2.13 is shown in Figure 2.13 compared with the actual
frequency spectrum of Figure 2.11.

Figure 2.13: Simulation of transmission spectrum of single ply glass.
The discrepancies in Figure 2.13 can most likely be attributed to some attenuation by the
glass and by the water medium. Since the simulation does not take into account this
attenuation, some discrepancy is expected. This might be minimized by normalizing the
32

glass spectrum with respect to the water spectrum (dividing the glass spectrum amplitude
by the water spectrum amplitude at each frequency), as shown below in Figure 2.14.

Figure 2.14: Normalized measurement compared with transmission simulation from
Figure 2.13.
Although the correspondence is improved, there are still artifacts associated with the
transducer that may not be able to be modeled accurately. Because a broadband
transducer is used, a range of frequencies are emitted and it is possible that excitation at
the particular resonant frequency is not produced.
A similar procedure was followed with glass-PVB-glass laminates. Figure
2.15(a) shows a schematic of the transmitted and reflected waves incident on the laminate
sample. Figure 2.15(b) shows the through-transmission time-domain spectrum of the
laminate and indicates how the wavespeeds are calculated from the indicated reflections.
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(a)
(b)
Figure 2.15: (a) Schematic of transmitted and reflected ultrasonic waves. (b) Actual timedomain spectra with reflections indicated.
Using Equation 2.11, the τn values correspond to the total difference in arrival time
between the indicated pulse and that of water for the indicated thicknesses. Using τ1
directly in Equation 2.11 along with the overall laminate thickness (5.30 mm) yields an
overall composite wavespeed of 3840 m/s.
Thus, knowing the wavespeed in the glass layer (5780 m/s), the overall laminate
wavespeed, and the thickness of each individual layer, the wavespeed in the polymer
laminate can be calculated directly:
(2.15)

where Cs = overall composite wavespeed (3840 m/s)
dg = total thickness of glass layers (4.60 mm)
Cg = glass wavespeed (5780 m/s)
dp = thickness of PVB layer (0.70mm)
Cp = PVB wavespeed
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The wavespeed is thus calculated to be 1190 m/s. For comparison the wavespeed can
also be calculated from material properties according to:
(2.16)

where E = Young's Modulus
Cp = PVB wavespeed
ρ = PVB density
ν = Poisson's Ratio, taken to be 0.49
The wavespeed calculated here is 1220 m/s. Thus the agreement between the two
methods is quite good, differing only 2.5%. This naturally can be improved with more
precise measurement techniques, however at room temperature it must be remembered
that PVB is very close to its glass transition temperature and properties change drastically
with minute changes in temperature.
Through transmission waveforms were taken and compared with simulations
produced from Equation 2.13. The code for these simulations is included in Appendix
A.3. The wavespeeds calculated for the 3mm single ply glass were used. For the PVB,
the longitudinal modulus was calculated from DMA and used to calculate the
longitudinal wavespeed. The shear modulus was obtained via parallel plate rheometry
and was used to calculate the shear wavespeed. Figure 2.16 shows the measured and
simulated PVB laminate frequency spectra.
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Figure 2.16: Measured and simulated frequency spectra for PVB laminates.
Again the general pattern of the simulation is similar to that obtained by measurement,
but because the simulation does not take into account attenuation or irregularities in the
broadband frequency spectrum the peaks are not identical. Normalizing the laminate
transmission by the water spectrum (as shown in Figure 2.14) yields the spectrum shown
in Figure 2.17.

Figure 2.17: Normalized measurement compared with transmission simulation from
Figure 2.16.
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As with the single ply glass spectrum, there is a slight improvement in the
correspondence of the spectra by normalizing the laminate spectra with that of water. In
this case, the attenuation by the PVB layer will also cause a mismatch. Also of note is
the sensitivity of the simulation to the input parameters, even down to the frequency
range and interval dictated.

2.3.5 Conclusions and Further Work
Ultrasonic spectroscopy was used to investigate wavespeed properties of
composite glass-polymer-glass laminates. Independent calculations of wavespeed in the
polymer layer agreed well with measured values. Using a through-transmission setup
allows for clearer resolution of the transmitted signals and avoids the problem of
overlapping signals often seen in pulse-echo measurements. However it should be noted
that measuring the wavespeed of at least one of the layers independently is necessary.
The concept of material resonant frequencies was also utilized to model the
response of laminated glass plates. For the given setup and laminate material, some
modest agreement was obtained between measured and simulated frequency spectra.
Suggested improvements to the method would be to expand the model to account for
material attenuation, and to optimize the broadband excitation by optimizing the selected
transducer frequency.
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CHAPTER 3
IMPACT PROPERTIES OF LAMINATED SAFETY GLASS

3.1 Background
Arguably the most important mechanical property of laminated safety glass (LSG)
is its impact strength. This “property” is a result of the balance between polymer
interlayer strength and its adhesion to glass,11 as shown below in Figure 3.1.

Figure 3.1: Penetration resistance as a function of adhesion.11
In the case of poly(vinyl butyral) (PVB), adhesion is promoted by -OH groups. Strength
comes from the butyral groups. The structure of PVB is show in Figure 3.2.

Figure 3.2: Structure of generic vinyl acetal polymer. For PVB, R = C3H7; x = vinyl
butyral, 77-90 wt%; y = vinyl alcohol, 10-20 wt%; z = 0-3 wt%.12
PVB adhesion to glass is controlled by adding proprietary adhesion control agents
(ACA's). In the absence of ACA's, PVB adhesion to glass is very high, causing the
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laminate to behave more as a monolithic material. However, if adhesion is too low, the
glass layers will not provide any mechanical strength and the interlayer will provide little
resistance to a penetrating projectile.11
One common method of assessing impact strength in an industrial quality control
setting is a ball drop test; examples include ANZI Z26.01 and ECE 43R. These tests
involve dropping a metal ball of specified diameter and weight from varying heights onto
a large rectangular laminate test specimen. The laminate response to the impact, such as
whether the ball passes through or is stopped by the laminate, is then recorded. This test,
although useful in an industrial setting due to simplicity of operation and pass/fail result
criteria, provides little in the way of understanding the material behavior during the actual
impact event.
Developing improvements in laminated glass technology requires a fundamental
understanding of laminate behavior during the failure process, particularly if new
materials are under consideration. Thus, the studies presented here aim to provide more
detailed and fundamental information regarding LSG fracture and failure in two ways.
Section 3.2 describes work inspired by attempting to correlate large plate behavior impact
tests (as described above) with smaller scale instrumented tests. Section 3.3 revisits an
existing model for laminate debonding, the through-crack-tension test, and proposes a
more fundamental, thermodynamic model for the debonding phenomenon. Both projects
seek to develop tests that require less material and give more fundamental and detailed
information.
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3.2 Small-Scale Impact Correlation Studies
3.2.1 Background
Similarity in load curves under quasi-static and dynamic conditions has been
observed for layered composites,54 as shown in Figure 3.3.

Figure 3.3: (a) Impact response of a fiber-reinforced polymer composite.
(b) Comparison plot of impact and quasi-static penetration of same composite.54
The focus of this work is to develop a small-scale impact test for use in evaluating
specialty PVB formulations. The goal will be to correlate small-scale instrumented
testing with large-scale non-instrumented testing so that small-scale tests can be used to
screen samples for suitability for scale-up.

3.2.2. Materials and Sample Preparation
Glass-PVB-glass laminates were prepared at Solutia according to standard
lamination procedures. 2.3mm-thick soda lime float glass was used, with the “air side”
laminated in contact with the 0.76mm-thick PVB interlayer. Small (4” x 4”) and large
(12” x 12”) samples were made.
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3.2.3. Experimental Methods
For industrial impact tests conducted at Solutia, large laminates were conditioned
for 1 hour in a circulating air oven at 23oC and tested immediately upon removal. A fivepound steel ball, approximately three inches in diameter, was used as the impact
projectile. The impact tower calculates the impact velocity from the drop height, and
measures the exit velocity of the impact mass via magnets located underneath the sample.
Thus, only samples that fail (the impact mass fully penetrates the laminate) yield
quantitative information. The drop height was varied in a range chosen such that all
samples failed. From the drop height and exit velocity, impact and residual kinetic
energies were calculated and thus the energy absorbed by the laminate during impact and
penetration could be calculated. Due to the geometry of the tower, actual penetration of
the sampled could not be visually recorded.
Quasi-static load-displacement tests were also performed on these large laminates
at Solutia using an MTS Sintech 1/G tensile testing machine. A custom mount was built
that allowed for the mount used in the ball drop tower to be used in the tensile tester, thus
keeping the laminate clamping boundary conditions as close to identical as possible. A
custom puncture head was also machined with the same radius of curvature as the ball
used for impact tests. The mount allowed for a mirror to be placed at 45o underneath the
sample, which allowed for the puncture event to be video recorded. The setup used for
these quasi-static tests is shown in Figure 3.4.
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Figure 3.4: 12” x 12” laminate quasi-static puncture test setup.
Similar methodology to that described above was followed for testing the small
(4” x 4”) laminates. Instrumented impact tests were conducted at UMass using a
Dynatup 8250 impact tester. The machine records time, and load via an instrumented
impact head (“tup”), with an impact head 0.5” in diameter. From this, velocity and
displacement during the impact event are calculated. A mount with an open base and
manual sample clamp (Figure 3.5) was used and an attempt was made to video record the
Dynatup tests with high speed imaging; however, the glass coming off the bottom of the
sample just after impact occluded the mirror underneath and thus the camera images.
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Figure 3.5: Mount for 4” x 4” laminate impact and quasi-static puncture tests.
The same sample mount and impactor tip was also used for the quasi-static
puncture tests, again ensuring as close to identical conditions as possible. The puncture
tests were carried out at Solutia using an MTS Sintech 1/G tensile testing machine. A
custom adapter was made to allow for the impact tester impact head to be attached to the
load cell of the tensile tester. Because of the lower rates involved with the quasi-static
tests, these tests were successfully video recorded in the same manner as the large
samples.

3.2.4 Results and Analysis
The results of the industrial ball-drop tests are shown in Figures 3.6 and 3.7.

43

Figure 3.6: Absorbed energy as a function of impact energy for industrial ball drop tests.

Figure 3.7: Exit velocity as a function of impact velocity.
It appears that above the threshold velocity for failure, there is no correlation between
exit and impact velocity. It would be expected that as impact velocity increases, the exit
velocity increases if failure energy is constant. These results may indicate that the range
of impact velocities tested is not wide enough to see this trend, or that the failure energy
varies within this range. The average energy to failure can be calculated within this range
with a variance of approximately 1%.
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A representative sampling of the ball drop sample failure patterns is shown in
Figure 3.8.

Figure 3.8: Failure pattern of ball drop samples as a function of impact energy.
The first three images (RC1_2, RC6_2, and RC3_2) are from samples that failed – i.e.,
the ball penetrated the laminate completely. From left to right in Figure 3.8, the impact
energy (the height from which the ball was dropped) decreases, and there is a noticeable
change in the fracture pattern. As the impact energy decreases, (reading from left to
right in Figure 3.8), the PVB failure pattern changes from a radial crack pattern to a
circumferential fracture pattern, with RC6_2 in particular showing a hybrid between the
two. The last two images (RC5_2 and RC4_2) are for laminates that did NOT fail – the
ball did not penetrate through the laminate and no exit velocity was recorded (and thus no
failure energy was calculated). When the energy is slightly below that necessary for
failure, the pattern changes back to a radial fracture pattern. The details of these patterns
will be discussed in comparison with the results from the quasi-static tests presented next.
Comparing these results to the 12” x 12” quasi-static results, the results for three
rates (2.5, 25 and 250 mm/min) are shown in Figure 3.9.
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Figure 3.9: Load versus deflection for quasi-static 12” x 12” laminate puncture tests for 3
rates.
As expected for any viscoelastic material, the relative stiffness and total energy
absorption increases with rate. The effect of rate on overall laminate stiffness can be seen
by analyzing the initial fracture peaks, shown in Figure 3.10.

Figure 3.10: Closeup of initial peaks of Figure 3.9
There appears to be a slight correlation of absorbed energy with rate. At the highest rate,
250 mm/min, the energy is actually lower than at 25 mm/min, possibly due to the
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stiffening of the polymer. The total energy absorption in all cases is less than 8% of the
total energy absorbed during the entire puncture event.
Figures 3.11 and 3.12 show the physical laminate fracture associated with the
initial load-displacement curve peaks and the initiation of PVB failure, respectively, for a
25mm/min sample.

Figure 3.11: Correlation of initial load train peaks to physical failure events.
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Figure 3.12: Initiation of PVB failure correlated with load train event.
As the puncture event occurs, the glass plates sequentially fracture and then flex. The
glass layers then proceed to fracture further forming a web of fragments. Once this has
occurred, the PVB begins to stretch as it has been “freed” from the glass and upon further
deformation, delaminates completely from the glass.
The total energy consumed during the failure event as a function of rate for all
12” x 12” tests is shown in Figure 3.13.
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Figure 3.13: Failure energy as a function of rate for all 12” x 12” tests.
The failure energy follows a semi-logarithmic trend with puncture rate, which indicates
that the ball drop tests may be able to be related to low speed quasi-static tests; however,
this would be an empirical relationship based on observed parameters. Although useful
from an industrial testing standpoint, there does not appear to be any more fundamental
quantitative information to be gleaned from these tests.
The 4” x 4” test results are presented here in a similar manner to the preceding
12” x 12” tests. Quasi-static test results are presented here first, with load-deflection data
shown in Figure 3.14.
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Figure 3.14: Load-deflection curves for 4” x 4” quasi-static tests.
As seen with the larger samples, the relative stiffness and energy absorption increase with
rate. One noticeable difference is that after the initial glass fracture, the load remains
more constant that with the larger samples. This may be indicative of less bending in the
samples as the puncture event progresses, most likely due to the more constrained
geometry of the smaller sample.
The initial peaks associated with glass fracture are shown in Figure 3.15.

Figure 3.15: Initial peaks of 4” x 4” quasi-static puncture tests.
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Again, a similar trend is seen with the 12” x 12” samples. At the highest rate, 250
mm/min, the energy is actually lower than at 25 mm/min, possibly due to the stiffening of
the polymer.
Figures 3.16 and 3.17 correlate the initial glass fracture and PVB failure with
events in the observed load-deflection curve for a 4” x 4” sample tested at 25mm/min.

Figure 3.16: Correlation of initial load train peaks to physical failure events for 4” x 4”
samples.
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Figure 3.17: Initiation of PVB failure correlated with load train event for 4” x 4” quasistatic test.
Impact tests on 4” x 4” samples were run under different conditions. A range of
impact velocities corresponding to different impact energies can be tested by varying the
impact mass and applied pneumatic pressure. This may allow the kinetic effects of the
impact event to be identified separately from the energy (or inertial) effects. The matrix
of conditions is shown in Table 3.1.
Table 3.1: Test Conditions for 4” x 4” Instrumented Impact Tests

The 4” x 4” impact results are shown in Figures 3.18 (3.28 kg mass), 3.19 (5.9 kg
mass) and figure 3.20 (12.7 kg mass).
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Figure 3.18: Load-deflection for 3.28 kg impact mass at varying velocities.

Figure 3.19: Load-deflection for 5.9 kg impact mass at varying velocities.

Figure 3.20: Load-deflection for 12.7 kg impact mass at varying velocities.
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As can be seen particularly from Figure 3.20, as the impact mass increases, the
inertial effects of the impact become more predominant, manifested as ringing. Also, as
the impact mass increases, the deflection to failure decreases, although for a given energy
level, the velocity also decreases.
A clearer picture of the inertial and kinetic effects can be seen by plotting energy
versus velocity for the three impact masses, as seen in Figure 3.21.

Figure 3.21: Energy versus speed for different impact masses.
At a given velocity, the failure energy appears to be independent of the impact mass.
This indicates that the failure is largely kinetic energy driven.
A comparison of the total energy to failure for the 4” x 4” and the 12” x 12 is
shown in Figure 3.22.
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Figure 3.22: Comparison of failure energy for all laminated samples.
In Figure 3.22, there is a noticeable difference not just between the sample sizes,
but between the impact rates for the 4” x 4” samples as well. For the small samples, it
appears that a change in failure mode occurs at higher velocities as indicated by the
change in slope. The difference in slopes between the low-speed samples of both sizes
also indicates differences in deformation and failure behavior. This was also seen by
examining the load-deflection curves. The small samples exhibit a plateau in the loaddeflection curve, most likely due to the constrained boundary conditions of the sample
holders. The large samples could bend more, whereas the small samples were
undergoing more of a constant drawing of PVB after catastrophic initial fracture of the
glass to release it.

3.2.5 Conclusions and Further Work
This work explored the fracture of laminated composites of float glass and PVB
under both quasi-static and impact conditions, and attempted to correlate impact behavior
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with simpler quasi-static experiments. Within each regime, correlative imaging identified
the main fracture events associated with characteristics in the load-deflection curve, and
for the small samples these were indeed similar in both speed ranges. However, the more
constrained geometry of the smaller sample leads to catastrophic glass breakage followed
exclusively by PVB debonding and drawing, seen by the plateau in the load-deflection
curve. In comparison, the larger samples undergo a more gradual process of sequential
glass bending and breakage, followed by PVB debonding and deformation.
In light of these results it is desired that a geometry-independent, small-scale test
be designed to examine the main features associated with laminate failure: namely, PVB
debonding and deformation. The second half of this chapter will discuss efforts in this
area.

3.3 Thermodynamic Model of PVB-Glass Debonding
3.3.1 Background
The debonding of a viscoelastic film from a rigid substrate has been of
considerable interest.13, 14, 55-58 One goal has been to determine a value for "intrinsic"
adhesion between the substrate and the viscoelastic film in question. Intrinsic adhesion is
defined as a value for interfacial adhesion that is independent of both geometry and
viscous (or other time-dependent) effects in the film.13, 14, 59 Evaluating this quantity
would be useful in many applications, in particular for predicting the failure of laminated
safety glass, which is dictated by both interfacial adhesion and polymer deformation.
Ideally, a test that can separately identify the adhesion and polymer mechanical property
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effects can lead to an optimization procedure to maximize the impact behavior of a
laminate.
One method by which intrinsic adhesion has been explored is through the
through-cracked-tension (TCT) test.13, 59 The geometry consists of a strip of laminated
glass (glass-polymer-glass) laminate that has the glass plies cracked in the middle of the
specimen, leaving the polymer layer intact. A schematic is shown in Figure 3.23(a). The
sample is then pulled at a constant displacement rate, and the load and displacement are
measured as the film debonds from the glass and stretches. This is shown schematically
in Figure 3.23(b).

Figure 3.23: (a) Schematic of TCT sample geometry. (b) Schematic of test procedure by
which sample is pulled in tension and PVB layer stretches and then debonds from glass.
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At the beginning of the test, as the sample is pulled at a constant displacement
rate, the PVB layer stretches as the glass separates along the horizontal crack. The
measured load initially increases as the PVB deforms. Once a critical load or
displacement is reached, the PVB layer will begin to debond from the glass in addition to
deforming. If the sample is well-prepared such that adhesion is constant and the sample is
evenly mounted in the tensile testing machine, a steady-state condition will be reached
during which both polymer delamination and polymer deformation take place at a
constant rate. Thus, at a constant rate of displacement, the measured load will also be
constant.13 From Figure 3.23(b) this is manifested by the separations a1 and d1
increasing at a constant rate over time, or alternatively stated, a1/t is equal to a2/(t+Δt)
and the same for d1 and d2.
Prior work has concentrated on the identification of a rate-dependent
adhesion/fracture parameter that has been used to model large-scale laminate deformation
and fracture, treating PVB as a linear elastic or hyperelastic material.14, 59 A summary of
this derivation is presented presently.
The adhesion parameter is derived from an energy balance on the TCT specimen
of the form:
(3.1)
where λ = measured stretch (defined as (a+d)/a in Figure 3.23)
Po = steady-state load (N)
da = crack (debonded polymer) length (m), equal to a2-a1 at time t+Δt in Figure
3.23 (m)
dW = work of deformation of deformed polymer (J)
b = polymer thicknesses (m) (shown in Figure 3.23)
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Гo = rate-dependent adhesion parameter (N/m, or equivalently J/m2)
The term dW is determined by the constitutive equation chosen to describe the polymer
deformation behavior. For the simplest case of a linear elastic material, Hooke's law can
be used as follows:
(3.2)
where E is the Young's modulus, σ is stress, and ε is strain. In this particular case, the
strain energy density is given by:
(3.3)
Therefore the incremental work of deformation for a given crack propagation length da is
simply the strain energy density multiplied by the volume of material deformed:
(3.4)
where b = thickness, h = width, and da = incremental crack length.
Combining the expressions for measured stretch and work (3.4) into the energy
balance (3.1) and solving for the adhesion parameter yields:
(3.5)

where parameters are as listed above and:
Po = steady-state load (N)
b = polymer thickness
E = Young's modulus (Pa)
h = width of polymer layer (m)
An empirical relationship allowing for calculation of steady-state load at any given
displacement rate was described as59:
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(3.6)
where L(v) = steady-state ligament force at displacement rate v (N/m). The ligament
force is defined as the steady state force divided by the ligament width, or
Po/w from Figure 3.23.
Lo = empirical constant
v = displacement rate
vo = empirical constant
m = empirical constant
This is calculated as a force per length to allow for normalization to different sample
widths. This equation is an empirical fit on ligament force versus displacement rate data.
Thus, with this relationship, Po at any rate can be calculated and used in Equation (3.5) to
calculate a rate-dependent adhesion parameter.
One application of this calculation of adhesion parameter is to predict the loaddeflection behavior of large glass-polymer laminates, such as those described and tested
in Section 3.2. Previous published work14, 59 presented both analytical and finite-element
models for the puncture of single ply glass-polymer laminates at low (less than 1
mm/min) displacement rates (i.e. tests similar to those presented in the previous section).
Because the TCT test does not provide valid data at such low rates (as will be discussed
later), Equation 3.6 was used to calculate the adhesion parameter Γo for those rates. This
value was then used in a geometric model to describe the load-deflection behavior of
large, multiply-cracked glass-polymer laminates:
F = πδ(2ΓoEb)1/2

(3.7)

where F = measured load during puncture test (N)
δ = plate center deflection, taken as equivalent to the crosshead displacement (m)
Γo = adhesion parameter (N/m or J/m2)
E = Young's modulus of polymer (Pa)
b = polymer thickness (m)
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This model was used to predict the load-displacement curves for glass-polymer laminates
undergoing indentation at low rates, with some success.14, 59
Attempts have also been made to account for PVB viscoelasticity by modeling the
film as a standard linear viscoelastic solid.60 Subsequent analysis predicts the viscous
response of the film as a function of crack speed (and thus crosshead displacement rate),
and predicts three regimes of behavior dictated by the relative size of the cohesive zone
and crack speed shown below in Figure 3.24.

Figure 3.24: Behavior of PVB in the cohesive zone in front of the crack tip (glass-PVB
debonding tip) as a function of crack tip location (normalized by film thickness) and
normalized crack velocity.60
At very low crack speeds and displacements, the rubbery region is very large and the
viscous and glassy regions are small. There is very little dissipation and the fracture
energy measured has little to no measurable plastic dissipation. At very high speeds, the
glassy region is very large and the cohesive zone lies within it. Therefore the viscous
losses of the system will be a maximum. At intermediate rates, the cohesive zone
overlaps the viscous zone, and the magnitude of the energy dissipated is strongly
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dependent on the interaction between the cohesive forces and the bulk material
relaxation.60 Problems with this approach include the demonstrated nonlinearity of
PVB,61 as well as its relaxation at low rates,55 which would seem to contradict the
expectation of elasticity.
The work presented here will explore several aspects and limitations of this test,
and propose new analytical methods, based on irreversible thermodynamics, with which
to interpret deformation and delamination. First, TCT tests run under ambient conditions
will be used to verify the rate-dependent adhesion parameter described in previous work,
and will be applied to the laminates tested in the previous section to determine their
suitability for higher-rate testing. This is something that has not been explored in
previous work. The nonlinearlity and degree of elasticity of PVB will be examined using
cyclic TCT testing to determine what relaxation processes, if any, are present, and on
what testing time scales. This will also indicate how much of the delamination process
could be classified as elastic (i.e. reversible).
TCT tests will also be performed at different temperatures in addition to different
rates. Although different adhesion levels were also considered, preliminary tests
indicated that the level of adhesion control available via surface treatments was not
acceptable. It resulted in either adhesion too high, which caused the polymer to tear
before delamination could start, or too low, which caused the entire sample to delaminate
at once at the start of the test. Temperature tests will serve to explore the viscoelastic
range where the TCT test is applicable. In addition, the suitability of an Eyring-type flow
model will also be discussed.
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Finally, tensile tests of pure PVB will be conducted at low temperatures to further
investigate Eyring-type flow model parameters and compare the deformation of PVB
with the composite response measured by the TCT test. A second model will be
evaluated, which will look to determine if the adhesion is rate-independent by accounting
for the (rate-dependent) viscous effects.

3.3.2 Materials and Sample Preparation
Glass-PVB-glass laminates were prepared at Solutia according to standard
lamination procedures. 2.3 mm-thick soda lime float glass was used, with the “air side”
(surface of glass that was not in contact with molten tin during glass formation) laminated
in contact with the 0.76 mm-thick PVB interlayer. Laminates 1” wide by 6” long were
fabricated. The samples were scored with a glass cutter and then cracked, breaking the
glass cleanly but not cutting the PVB. ASTM D638 Type IV tensile samples were cut
from sheets of PVB.

3.3.3 Experimental Methods
For TCT testing, initial experiments were run on an MTS Sintech 1/G instrument
at Solutia. Tests were run at 23oC, -40oC, and 45oC. Both monotonic and cyclic testing
were done on an Instron 5800. Monotonic testing was done at rates of 1.2, 12, 25, 60,
120, 250 and 1200 mm/min on the MTS Sintech 1/G, and all rates except 1200 mm/min
on the Instron 5800 (due to limitations of the machine). Cyclic testing at rates of 6, 12,
25 and 60 mm/min were performed on the Instron 5800. All tests were recorded using a
DVD recorder and later converted to computer AVI files for image analysis. A picture63

in-picture setup was used to correlate images with displacements and loads at rates where
that was possible. At higher rates the video setup was not able to capture the monitor
display because of the difference in refresh rates, so the displacement was measured
manually from still images extracted from the video. For low temperature tests on the
MTS Sintech 1/G, a carbon dioxide cooling chamber was used for environmental
conditioning.
To determine Eyring parameters, monotonic tensile tests were run on plain PVB
specimens at -20oC and -40oC in the Instron 5800 fitted with a liquid nitrogen cooling
chamber. These temperatures were chosen based on the glass transition temperature of
PVB (~30oC) – as such these test temperatures represent Tg-50oC and Tg-70oC,
respectively, and should be low enough to induce yield in the plasticized PVB specimens.

3.3.4 Results and Analysis
The load-displacement curves of the first set of TCT experiments, run at 23oC on
the Sintech 1/G machine, are shown in Figure 3.25.
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Figure 3.25: Load-deflection curves of TCT tests run at varying speeds at 23oC. Steadystate conditions are reached when the load-deflection curve becomes flat at a constant
load value (indicated by the arrows next to Po).
From these tests, at low test speeds (12 mm/min and lower) the material does not
reach a steady state of delamination and stretching. This is shown by the lack of a
constant load after the initial peak (when debonding begins). Slightly higher test speeds
(25 mm/min and faster) show high sample variability and results may depend largely on
sample preparation and test execution, as mentioned previously. Samples for which a
steady-state load is reached are indicated by the Po in Figure 3.25.
For the samples that did reach a steady-state load value, the ligament force could
be calculated according to Equation 3.6 as a function of crosshead displacement speed,
and the results are shown in Figure 3.26.
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Figure 3.26: Calculated ligament force as a function of crosshead displacement rate.
Equation 3.6 can be fitted to the data in Figure 3.26 with the parameters shown below in
Table 3.2.
Table 3.2: Equation 3.6 Fitting Parameters
Parameter
Value
Lo

2390 N/m

Vo

21 mm/s

m

0.1

As mentioned previously, one application for this data is to calculate ratedependent adhesion parameters that can be applied to the glass-polymer-glass laminates
tested in the previous section. For the laminates tested at rates of 2.5 and 25 mm/min
(shown in Figure 3.9), these rate values can be used in Equation 3.6 to calculate steadystate load values, which can then be used in Equation 3.5 to obtain the adhesion
parameters at these rates.
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Table 3.3: Calculation of Adhesion Parameter Γo for 2.5 and 25 mm/min
Rate
Po (N)
Γo (N/m)
(mm/min)
2.5

124

13.6

25

131

15.3

Using the values calculated for Γo in Equation 3.7, along with the thickness (b=0.007 m)
and Young's modulus (E=1x108 Pa) values for PVB, a force-displacement curve can be
simulated by calculating for (F) values at a range of displacements (δ). The results of the
simulations, along with the data from Figure 3.9, are shown in Figures 3.27 and 3.28
respectively.

Figure 3.27: Laminate puncture test at 2.5 mm/min from Figure 3.9, along with simulated
load-deflection curve.

67

Figure 3.28: Laminate puncture test at 25 mm/min from Figure 3.9, along with simulated
load-deflection curve.
Compared to the previously reported data14 the simulation appears to fit glass-polymerglass laminates better than glass-polymer laminates. This is most likely due to the
additional layer of glass providing more mechanical stability and thus making the
laminate behave more linearly. It is also of note that the authors claimed that this model,
Equation 3.7, should apply to all laminates irrespective of size. This is clearly not true
when compared to the 4” x 4” laminates from the previous section (Figure 3.14). Indeed,
Figure 3.14 looks more like a TCT test than a laminate puncture test. This indicates that
the constrained geometry of the 4” x 4” test, as mentioned before, does not allow for
gradual sample fracture and bending as is assumed by Equation 3.7. Therefore, Equation
3.7 is limited to those samples large enough to allow for gradual fracture and significant
sample bending during the course of indentation.
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In addition to room temperature tests, TCT tests both above and below the glass
transition temperature of PVB were also performed, also on the MTS Sintech 1/G tensile
testing machine. The results are shown in Figures 3.29 and 3.30.

Figure 3.29: TCT tests run at varying speeds at 45oC (15oC above the glass transition
temperature of PVB).

Figure 3.30: TCT tests run at varying speeds at -18oC (~50oC below the glass transition
temperature of PVB).
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Figure 3.29 clearly shows that above the glass transition temperature, the TCT test breaks
down due to the greatly increased flow present in the plasticized PVB system. There is
no steady state condition reached in any of the tests indicated by the lack of a constant
load plateau in any of the samples. Nearly all energy input into the system goes into
polymer deformation, and the system is too viscous to support a shear force so there is no
delamination from the glass. This is similar to the low speed 23oC tests – the polymer
relaxes and dissipates the input energy faster than the rate of force application, so again
all the energy goes into deforming the polymer and none goes to delamination. In
comparison, the -18oC tests, as would be expected for viscoelastic behaviour, show nearly
the opposite. The polymer becomes so stiff that at high deformation rates, it is not able to
dissipate the input energy fast enough and thus fractures before delamination can begin.
Because, in principle, the test could be treated as a nonlinear fracture problem,
one might suggest the use of a fracture mechanics approach, such as J1C, as an alternative
to the energy balance presented in earlier work. As such, cyclic testing would be a
method of investigation. In order to gauge the amount of reversible and irreversible work
done during the deformation and delamination processes, cyclic tests were run on TCT
samples at 23oC. The results are shown in Figure 3.31.
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Figure 3.31: Cyclic TCT tests run at 23oC at 6, 12, 25 and 60 mm/min.
As seen in the monotonic tests, the low rates show the effect of the PVB relaxation in the
non-steady load values. In comparison to a traditional J1C-type cyclic test, the unloading
curves show very little, if any, elastic recovery per cycle. The unloading curves drop off
precipitously and do not follow the original loading curves, indicating that the majority of
work done during the cycle of delamination and deformation is irreversible. Although a
J1C-type analysis might appear appropriate, one major complication is the viscoelastic
nature of the interlayer which is evident upon closer inspection of the unloadingreloading curves, shown in closeup in Figure 3.32.
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Figure 3.32: Closeup of initial cycles from Figure 3.31.
The hysteresis in the loop is due to the viscoelasticity in the delaminated PVB, and thus
would render linear fracture models incorrect. However, these tests do indicate that on
the faster timescales, i.e. above 12 mm/min, most of the work done during the test is
irreversible, and taken with the monotonic tests, the constant load indicates that
relaxation processes do not play a significant role in energy dissipation. Therefore it can
be taken that the process as a whole can be treated as irreversible.
This irreversibility, as well as the characteristics of the load-deflection curves,
bear a similarity to the process of yield in thermoplastic materials. As such, it may be
appropriate to model the process using an Eyring-type flow model.62 As the TCT test
progresses, the PVB undergoes deformation followed by delamination. When the strain
in the PVB reaches a critical value, more material delaminates and flows into the
deformation zone, leading to delamination (crack) front propagating, as shown previously
in Figure 3.23. As such, this critical strain rate combined with the relative constancy of
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plateau steady state load indicates a thermally activated yield process. Indeed the
delamination can be likened to a yield zone process seen in a typical tensile test. An
Eyring-type yield model may be appropriate if graphing applied stress versus log strain
rate is linear, which indicates that there is a singular flow mechanism within the material
dictating the strain rate. Briefly, the Eyring flow model is based on an Arrhenius
treatment of molecular motion, in that there is prescribed energy barrier (activation
energy) a molecule or segment must overcome in order to change its conformation and
position. Eyring proposed that for a material under shear stress, the stress serves to lower
this energy barrier to molecular motion in the direction of the stress and raise the barrier
in the opposite direction, essentially making the process irreversible. For a material
undergoing yield, the Eyring equation is commonly expressed as:
(3.8)
where σy = tensile yield stress (Pa)
T = temperature (K)
V* = activation volume
ΔH = activation energy/enthalpy (J/mol)
R = universal gas constant (8.314 J/mol*K)
y = strain rate at yield
o = constant
For the case of the TCT test, the steady-state load is equivalent to the yield stress in the
model, as that represents the load at which the critical strain is reached and the
delamination front propagates. The applied tensile deformation results in a shear stress in
the direction of polymer deformation and subsequent delamination, which promotes said
irreversible processes. In this case, strain rate is calculated13 as:
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(3.9)
where d = crosshead separation (m), see Figure 3.23
a = debonded polymer/crack length (m), see Figure 3.23
t = elapsed time (s)
Plotting σy/t versus log strain rate allows for determination of the process activation
volume V* and the activation energy ΔH. Eyring plots for the -18oC and 23oC data are
shown in Figure 3.33.

Figure 3.33: Eyring plots for monotonic TCT tests at -18oC and 23oC.
Following an Eyring analysis to calculate V* and ΔH62 results in values of 0.0049 m3/mol
for V* and 840 kJ/mol for ΔH. The activation energy density, which is simply the energy
divided by the volume, is thus 170 MJ/m3. Although high compared to values for other
thermoplastics based on yield,62 the fact that this energy accounts for both delamination
and deformation would predict that the value would be somewhat higher.
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In order to separate the energy associated with delamination alone, the previous
analysis can be compared with a similar analysis done on PVB alone. In order for PVB
to yield, tests needed to be run at low temperatures, as described earlier. Performing a
similar Eyring analysis leads to the Eyring plot shown in Figure 3.34.

Figure 3.34: Eyring plots for monotonic PVB tensile tests at -20oC and -40oC.
As before, following an Eyring analysis to calculate V* and ΔH results in values of
0.0012 m3/mol for V*, 110 kJ/mol for ΔH, and 92 MJ/m3 for activation energy density.
In comparison to the TCT values, these are much lower, as would be expected. A rough
estimate of the energy of adhesion would be to subtract the PVB energy from the TCT
energy, resulting in an activation energy of the delamination process of 730 kJ/mol.
Although there is some debate as to the appropriateness of this analysis for the entire
temperature range below the glass transition with regards to the calculation of activation
volume,62, 63 it nonetheless appears to give a reasonable description of the phenomenons
occurring during this test.
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Another approach to modeling the TCT behavior involves using a basic energy
balance, as has been used in previous work in this group.64 As discussed earlier, these
assumptions of unchanging strain energy and dissipation limited to the process zone are
reasonable for the TCT test.
Assume a basic thermodynamic model can account for the processes taking place
in the system: steady state, self-similar propagation of the polymer debonding transition
zone and the incompressible deformation of PVB:
(3.10)
where

= rate of input work (J/s)
= rate of change of internal energy (J/s)
= rate of change of thermal energy exchanged with surroundings (J/s)

The input work done by the crosshead displacement can be expressed as:
(3.11)
where Po = applied load (N)
= rate of crosshead displacement (m/s)
The rate of change in internal energy can be expressed as:
(3.12)
where

= rate of change in strain energy (J/s)
γ = adhesion energy (J/m2)
= change in exposed area (m2/s)

The rate of change in total strain energy can be expressed as the product of the material
strain energy density and the rate of deformed volume change in the material:
(3.13)
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where

= rate of change in strain energy (J/s)
f = strain energy density (J/m3)
= rate of deformed volume change (m3/s)
= rate of change of delamination (crack) growth (m/s), see Figure 3.23 – this is
equal to (a2-a1)/Δt
h = width of polymer layer (m), see Figure 3.23
b = thickness of polymer layer (m), see Figure 3.23
As shown earlier with cyclic testing, most of the work done is dissipative and not

recoverable. Thus, the strain energy term can be neglected.
The thermal exchange term can be expressed as:
(3.14)
where

= rate of dissipative losses
= rate of entropy change

The dissipative losses should be proportional to viscosity, and thus be a function of the
volume of material undergoing deformation in the process zone (after delamination).
This can be expressed as:
=

(3.15)

where η = viscosity of polymer (Pa s-1)
= strain rate of material in process zone
= volumetric rate of material entering process zone (m3 s-1)
Combining all these terms, the following equation emerges:
(3.16)
One simplification that might be made is the elimination of the strain energy density
factor, based on the results of the cyclic tests. From Figure 3.31 it was shown that the
majority of work done in the system, through the stretching and delamination processes,
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is irreversible. Thus, the recoverable strain energy in the system could be considered
negligible.
Taking into account this simplification, and rearranging the equation to solve for
the adhesion parameter, yields:
(3.17)

From these parameters,

is the user-controlled independent variable. Po can be

measured directly from TCT tests, as shown in Figure 3.25. η can be determined from
rheometry experiments (5.25 Mpa*s). The volume change rate can be calculated
knowing the dimensions of the sample and the rate of delamination front growth. The
two parameters left are the rate of change in delaminated area

, and strain rate in the

material as it delaminates .
For monotonic TCT tests in which a steady state was reached, the area of
delaminated glass and delaminated PVB could be measured directly from the recorded
videos. The delaminated PVB area can be measured directly from the birefringent
material, and the original glass area can be measured as indicated in Figure 3.35.
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Figure 3.35: Measurement of areas: the PVB area can be measured directly from the
birefringent material. The glass area corresponding to the delaminated PVB is outlined in
yellow.
Measuring the PVB and glass areas indicated in Figure 3.35 over time and plotting them
versus time will allow for the calculation of rate of area change needed. These plots are
shown in Figures 3.36 and 3.37. The slopes of the graphs are the area rate changes.

Figure 3.36: Glass area as a function of rate, measured as shown in Figure 3.35.

79

Figure 3.37: PVB area as a function of rate, measured as shown in Figure 3.35.
The linearity of these relationships indicate that the energy dissipation
mechanisms are constant and are not dependent on the extent of crack growth in the
material.64 This supports the notion that the debonded polymer is not relaxing, creeping,
or otherwise dissipating energy – on the time scale of deformation rate in these
experiments. From Figures 3.36 and 3.37 the area growth rates for both PVB and glass
can be calculated for each applied crosshead displacement rate, and are shown in Figure
3.38.
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Figure 3.38: PVB and glass area growth rates as a function of crosshead displacement
rate. These are the slopes of the plots shown in Figures 3.36 and 3.37.
As the applied displacement rate increases, the area growth rate of PVB increases faster
than that of PVB. This indicates that the strain in the PVB increases as function of rate.
If the strain in the PVB remained constant, then the slopes in Figure 3.38 would be equal.
For the intents of Equation 3.17, the area growth rate indicated by

is that of the glass,

as that is the actual area from which the PVB has delaminated.
Assuming PVB to be incompressible (a reasonable assumption given the
Poisson's Ratio is approximately 0.5), the rate of change in volume can be calculated
knowing the thickness and width of the PVB layer. The viscosity can also be measured
via rheometry as noted before. As such, in order to determine the adhesion parameter of
Equation 3.17, the only value needed now is strain rate in the polymer for the dissipative
processes occurring.
From the Eyring analysis presented earlier for plain PVB, the parameters
calculated can be used to determine the strain rate at yield at any given temperature.
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Solving for the
calculation of

o constant in the Eyring equation (Equation 3.8) allows for the
y at 23oC for the strain rates tested. The adhesion parameters can then be

calculated according to Equation 3.17. The adhesion parameters calculated for the rates
tested are shown in Table 3.4.
Table 3.4: Calculated Adhesion Parameters for TCT tests at different rates (23oC)

These values appear to be extraordinarily high, which indicates that the model
may not be accounting for all the energy dissipation occurring. Also, the value for
adhesion still appears to be rate-dependent. This is indicative that there are still
dissipative processes that the model does not account for, or that the adhesion parameter
is intrinsically rate-dependent.

3.3.5 Conclusions and Future Work
The feasibility of the TCT test to extract and deconvolute fundamental properties
of PVB undergoing delamination from glass has been examined. For successful analysis,
the test methodology is limited to temperatures and rates at which the interlayer material
debonds and deforms in a steady-state, self similar fashion.
Two approaches based on irreversible thermodynamics have been presented to
elucidate material behavior during the TCT test. An Eyring-type approach appears to
give a reasonable description of the delamination and deformation process in terms of
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activation energy (similar to a yield process). However, a general thermodynamic model
does now allow for isolation of a singular adhesion parameter, most likely due to a lack
of accounting of other dissipative processes occurring. It is also plausible that due to the
viscoelastic nature of this polymer, the adhesion itself may also fundamentally be ratedependent.
Although previous studies suggest a laminate fracture model that should be
geometry-independent, that only holds for specimens large enough to allow for laminate
bending and gradual fracture and delamination – for highly constrained geometries, this
model is inappropriate.
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CHAPTER 4
EXPLORATORY VISCOELASTIC STUDIES OF SILICA-FILLED
PLASTICIZED POLY(VINYL BUTYRAL)

4.1 Background
The effect of nanoparticle fillers in thermoplastic and elastomer systems has been
the subject of a significant amount of research in recent years. Nanoreinforcement of
glassy systems has been shown to improve their fracture toughness and durability. 17-19
Elastomeric systems can also be altered dramatically in terms of modulus and ductility. 20,
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Figure 4.1 shows the effect of silica filler on poly(vinyl acetate) at 40oC above its glass

transition.20

Figure 4.1: Effect of silica loading on storage modulus of poly(vinyl acetate)as a function
of strain amplitude.20
At low strains, the reinforced material shows high modulus, while at high strains, the
modulus approaches that of the original elastomers. The strain at which the transition
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occurs is a function of the interface characteristics of the nanoreinforcement and the
magnitude is a function of the nanoreinforcement itself. These changes are related to
molecular confinement caused by these nanoscale fillers and the large amount of matrixparticle interface area they introduce in the material.20 This confinement creates an
“interphase” polymer layer in contact with the nanoparticles, which serves to change the
properties and create a polymer phase with different properties than those of the bulk.66
In addition differences are seen between cross-linked and un-cross-linked filled polymer
systems.67 However, no investigations have so far been done on systems containing both
a polymer and a low molecular weight plasticizer in addition to nanoparticles. In
particular, plasticized PVB, while not strictly being an elastomer, is very strongly
hydrogen bonded such that practically it behaves at one below approximately 100oC,
above which the bonding breaks down.
Nanofillers may show a similar reinforcing effect on plasticized PVB. As
described in Chapter 3, as an elastomer close to its glass transition temperature in its use
environment. This work will probe the low and high strain regimes in plasticized
PVB/silica composites above the glass transition temperature, but below the breakdown
of hydrogen bonding.

4.2 Sample Preparation and Experimental Methods
Plasticized poly (vinyl butyral)/silica composites were prepared at Solutia using
standard resin and plasticizer according to standard preparations. Cab-O-Sil TS-610
fumed silica was added to the PVB/plasticizer formulations at 0, 0.5, 1.0, 1.5, 2, 2.5, and
3 volume percent (vol %). The structure of this silica is shown in Figure 4.2.
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Figure 4.2: Structure of Cab-O-Sil TS-610.68
Sheets were melt pressed to a thickness of approximately 0.8 mm. From the sheets,
samples for tensile testing, parallel plate rheometry, and dynamic mechanical analysis
were cut using an expulsion die press.
Tensile samples were cut from the pressed sheets in dimensions specified ASTM
D638 Type IV. Tear samples were cut according to ASTM D624 Die C. Both tensile
and tear tests were run on an MTS Sintech 1/G at room temperature. Tensile tests were
run at a speed of 200 mm/min, and ultimate break stress and ultimate break strain were
recorded. Tear tests were run at a speed of 25 mm/min, and tear strength and tear
resistance were calculated.
Strips of dimensions 11mm wide by 25mm long were cut for dynamic mechanical
analysis on a Rheometrics Solids Analyzer (RSA II). Tests were run in tensile mode at 1
Hz to determine storage modulus, loss modulus, and tan δ. Bulk pressed samples of the 0
and 2.5 volume percent samples were tested on a dual-barrel Bohlin RH10 Capillary
Rheometer to evaluate the high temperature shear viscosity. Circular samples 1” in
diameter were cut for parallel plate rheometer testing on Rheometrics Dynamic
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Spectrometer RDS II. Stress relaxation and strain sweep tests were run on circular
samples 10 mm in diameter using an Anton-Paar Physica MCR-501 Rheometer.
Transmission electron micrographs were obtained using a JEOL 100CX 100KV
transmission electron microscope.
Further dynamic testing was carried out on a modified Dynastat Mechanical
Spectrometer,69 which allows for testing at a broader range of strain amplitudes and
frequencies than a standard DMA. A double lap shear specimen is utilized for this testing
because is more symmetrical than the single lap shear, and reduces bending that occurs in
single lap shear tests. For these samples, glass was chosen as the substrate since it is the
one most commonly used with PVB. The double lap shear specimen geometry design is
based on the shear lag model analysis originally developed by Volkerson.70, 71 A
schematic of the specimen geometry is shown in Figure 4.3.

Figure 4.3: Cross-section and 3D rendering of double lap shear specimen. PVB is shown
in yellow, and the glass substrate is light blue on the left and gray on the right.
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The width of the overlap W and the length of the overlap L are determined so as to
minimize the shear stress distribution across the interface, calculated from Equation 4.1:70,
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(4.1)

where τ(X) is the shear stress as a function of position along the length of the overlap,
ω is the dimensionless ratio Eh1/Eh2 with E being the Young's modulus of glass, and Ψ is
the ratio GL2/Eh1ha where G is the shear modulus of PVB. This equation is derived from
a force balance on a single lap shear specimen, similar to the right diagram in Figure 4.3.
Initially, large sample dimensions (1” width and 7” overall length) were chosen
for ease of fabrication. However, this proved problematic in that at room temperature,
forces in excess of the capability of the Dynastat load cell were generated. After further
review and analysis,73 a geometry of 0.5” width by 2.5” total length was chosen. This
geometry would produce relatively uniform shear stresses across the lap shear joint that
would be withing the load cell range of the Dynastat. Glass strips 0.5” wide by 1.5” long
by 0.125” thick were cut and laminated with several 0.08 mm-thick layers of PVB so as
to produce a total PVB thickness of 0.125”. A silane adhesive had to be used to bond the
PVB to the glass because at high temperature testing it was seen the PVB peeled away
from the glass. The final sample dimensions are shown in Figure 4.4.
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Figure 4.4: Cross-section and 3D rendering of double lap shear specimen. PVB is shown
in yellow, and the glass substrate is light blue on the left and gray on the right.
In addition to reducing sample size, a custom oven for the Dynastat apparatus was
constructed out of insulation material. Temperature was controlled with an OMEGA
thermocouple and air heater on a closed loop control. This was done because at room
temperature, although slightly above it's glass transition temperature, PVB was still too
stuff to be tested with the Dynastat load cell. Testing temperatures were chosen at Tg
+30oC, Tg+50oC and Tg+60oC.

4.3 Results and Analysis
The results of tensile testing are shown in Figure 4.5. The break stress and break
strain increase and decrease, respectively, with the addition of silica. This behavior is
typical of micron-level fillers, wherein the stiffness of the particles contribute to the
overall composite stiffness increase, but the filler particles also act like stress
concentrating flaws, thus lowering the strain to failure.
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Figure 4.5: Break stress and break strain as a function of silica content.
The tear resistance is shown in Figure 4.6. The tear resistance also decreases with
increasing silica concentration, indicating again that the filler particles are acting as flaws
to decrease tear resistance. There is also no evidence that the particles are increasing the
fracture path torturousity, a result that might be expected for well-dispersed systems. 74

Figure 4.6: Tear strength and tear resistance as a function of silica concentration.
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Dynamic mechanical analysis was used to determine storage modulus (Figure
4.7), loss modulus (Figure 4.8), and tan δ (Figure 4.9) values. For clarity, only the 0 vol
% and 3 vol % samples are shown, but all samples followed a similar trend.

Figure 4.7: Storage modulus of 0 vol % and 3 vol % silica-filled PVB.

(a)
(b)
Figure 4.8: (a) Loss modulus of 0 vol % and 3 vol % silica-filled PVB.
(b) Closeup of sub-Tg range.

91

Figure 4.9: Tan delta of 0 vol % and 3 vol % silica-filled PVB.
As can be seen from Figures 4.7 through 4.9 collectively, the addition of silica
appears to have little effect on the properties of PVB. The storage modulus shows a
slight increase at temperatures well below the glass transition, which is to be expected for
traditional reinforced glassy polymers. The loss modulus also shows a similar increase,
which in the end produces a negligible change in the tan delta (and by extension, the
glass transition temperature). Also of note is that there is no discernible change in any of
these properties above the glass transition temperature, indicating that at least in this
dynamic range tested, there does not appear to be any reinforcement.
The viscosity of plasticized PVB is of interest at processing temperatures – in this
case, approximately 180oC. The results from low frequency parallel plate rheometry and
high strain rate capillary rheometry are shown below in Figures 4.10 and 4.11,
respectively.
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Figure 4.10: Complex viscosity at 180oC of PVB nanocomposites measured by parallel
plate rheometry.

Figure 4.11: Viscosity at 180oC of PVB nanocomposites measured by capillary
rheometry.
As rate of deformation increases, the viscosity increases at low frequency (0.01 Hz), and
very slightly at higher frequencies. As rate increases, there appears to be no significant
change in viscosity. This is confirmed by the capillary measurements, which show the
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2.5 vol % samples nearly identical to the unfilled samples. Thus, it appears the silica has
no effect on high-temperature processing, which is beneficial in terms of manufacturing.
Stress relaxation may be another useful way to probe molecular interactions.
Stress relaxation tests at 75oC, 100oC, and 150oC were performed. These temperatures
were chosen both for their processing significance as well as representing the three
regimes of PVB – below, at, and above the hydrogen bonding temperature of 100oC. The
results are shown below in Figures 4.11 (75oC), 4.12 (100oC), and 4.13 (150oC).

Figure 4.12: Stress relaxation modulus at 75oC.
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Figure 4.13: Stress relaxation modulus at 100oC.

Figure 4.14: Stress relaxation at 150oC.
At all temperatures, the stress modulus increases, indicating that the silica is
affecting molecular relaxations at the strains and temperatures indicated. However, as to
be expected, the magnitude of the effect diminishes with temperature.
In order to investigate the Payne effect, two sets of experiments were performed.
The first involved strain amplitude sweeps at the glass transition temperature, and 30o
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above the glass transition temperature. These results are shown in Figures 4.15 and 4.16,
respectively.

Figure 4.15: Storage modulus, loss modulus, and tan delta as a function of dynamic strain
amplitude at 30oC.

Figure 4.16: Storage modulus, loss modulus, and tan delta as a function of dynamic strain
amplitude at 60oC.
In general, the modulus decreases with temperature as to be expected, and
increases with the addition of silica. At high strain amplitudes, the modulus does
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decrease, however this trend is seen both for filled and unfilled samples and is likely due
to limitations in the experimental setup.
The second set of experiments utilized the Dynastat setup, and again were
designed to investigate modulus at high strain amplitude as a function of temperature and
rate. Initial studies indicated that at high temperatures, the plasticized PVB was actually
debonding from the glass at high shear rates. Shear stress versus shear strain as a
function of rate are shown below for three temperatures – 65oC (Figure 4.17), 85oC
(Figure 4.18), and 94oC (Figure 4.19).

Figure 4.17: Shear stress-shear strain graphs at 65oC.
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Figure 4.18: Shear stress-shear strain graphs at 85oC.

Figure 4.19: Shear stress-shear strain graphs at 94oC.
Within each temperature range, the modulus (slope) increases with rate and silica
content, as expected. However, it does not appear that the slope changes with strain, as
would be expected for a Payne effect material. An example from literature is shown
below in Figure 4.20.
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Figure 4.20: Payne effect in silica-filled silicone.21
This behavior is not seen in the silica-filled plasticized PVB samples at any of the
temperatures or rates investigated.
To determine if there is any debonding taking place between the matrix and the
silica, a shear strain experiment was done in a light scattering apparatus setup to measure
laser scattering during shearing. A filled silica (3 vol %) sample was sheared in a small
angle laser light scattering setup at a temperature of 65oC. Figure 4.21 shows the
scattering pattern and optical image at (a) 0 seconds and (b) 2 seconds (b) at a strain rate
of 4 s-1, for a total strain of 150%. There is no noticeable difference in the scattering
pattern, either in terms of shape or intensity. If there is any debonding taking place, it is
on a scale that is smaller than that resolved by laser light scattering.
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Figure 4.21: Laser light scattering (top) and optical micrograph (bottom) for (a) 0 seconds
and (b) 2 seconds at a strain of 150%.
Another way to determine the size scale of silica and extent of agglomeration is
through transmission electron microscopy. TEM is fairly tricky to perform on PVB,
since increasing voltage to increase resolution tends to burn up the PVB matrix.
However if exposure times are kept fairly short, images can be obtained. For the 3
volume percent formulation, TEM micrographs are shown in Figure 4.22.
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(a)
(b)
Figure 4.22: Transmission electron microscopy micrographs of PVB with 3 volume
percent silica. (a) 33,000X magnification (b) 50,000X magnification
As expected the majority of silica shows agglomerates of a few hundred
nanometers, which would cause the reinforcement to act more like a traditional filler as
opposed to a nanoscale network.
4.4 Conclusions and Further Work
The mechanical, dynamic, and viscoelastic properties of silica-filled plasticized
PVB have been investigated through a variety of methods. Taken together overall, the
data presented do not support a hypothesis of nano-reinforcement of PVB by silica.
There is no evidence of nano-scale confinement of the plasticized matrix by the silica
nanoparticles. Silica appears to act as a traditional macrofiller, providing mechanical
reinforcement at low and high strains and low deformation rates.
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Further work in this area should explore the association of the silica with the
different elements of the matrix – i.e., the plasticizer and the PVB chains. It should be
noted that testing above 100oC would be closer to the melt state in which most other
Payne effect tests have been done, but would also negate the hydrogen bonding which
basically makes PVB an elastomer.
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CHAPTER 5
EFFECT OF AGING ON THE MECHANICAL PROPERTIES OF
POLYCARBONATES AND COPOLYCARBONATES

5.1 Background
Polycarbonate is in widespread use as an engineering material. Compared to many
other thermoplastics, polycarbonate has a relatively high glass transition temperature
(140-151oC).75 However, at room temperature, its fracture behavior can be characterized
as ductile. This lends well to use as an engineering material in energy-absorbing
applications.
For all engineering materials, the processing and end-use conditions must be
taken into consideration. In particular, glassy thermoplastics undergo physical aging, a
process in which the material’s physical and mechanical properties change over time due
to molecular relaxation.25 This effect originates in the fact that amorphous glasses are not
at thermal equilibrium below their glass transition temperatures. At temperatures below
the glass transition at which sufficient energy is present, usually as ambient thermal
energy, molecular relaxation occurs. This relaxation seeks to minimize excess free
volume by producing molecular orientation.
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This effect is quite pronounced in polycarbonate due to the large thermal window
for molecular rearrangement – namely, between the glass transition at 145oC and what is
referred to as the gamma transition at -80oC.76, 77 Several types of molecular motion occur
to reduce free volume, and the resulting orientation results in an embrittlement of the
material.
In an application context, this may occur during material storage, extended
processing, or under certain conditions of end-use. Consequently, this effect should be
considered to accurately assess material behavior under given application conditions,
particularly for long-term projects. Specifically for polycarbonate, aging results in an
increase in the tensile yield stress along with a commensurate decrease in the impact
strength.78, 79 These manifestations have been attributed to small-scale molecular
ordering, taking place on the length scale of a few repeat units of the polycarbonate
chain.80, 81 Although aging does occur in polycarbonate at room temperature,25 annealing
at temperatures slightly below the glass transition temperature dramatically accelerates
the process.80 If polycarbonate is indeed to be considered as a replacement for the current
laminated glass technology, this effect must be thoroughly understood.
One straightforward consequence of physical aging can be seen by examining
differential scanning calorimetry (DSC) traces of aged and un-aged material. The aging
process results in a decrease of entropy, free volume, and internal energy in the material.
As such, when the material is heated above Tg, the internal energy (heat) lost during
aging is reabsorbed and results in an endothermic peak around Tg during a DSC heating
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scan.25 In general, the size of this peak increases with increased aging time, i.e. decreased
internal energy.25, 82 However, sample preparation issues may affect an accurate measure
of degree of aging by this method,83 and it may not necessarily correlate with other
measurements such as creep.84
Another way to examine the effect of aging on tensile stress in particular is
through the use of an Eyring thermally-activated flow model.62 Once the yield stress as a
function of strain rate and temperature is obtained, the corresponding activation energy
and volume can be calculated. It has been proposed that the activation volume is defined
as the product of the area over which the yield stress is acting and the distance moved by
a segment of the polymer undergoing yield,62 and can be thought of as the unit volume of
polymer segment required to move as a whole to induce plastic deformation.26
Correspondingly, the activation energy is the energy required to move a mole of the
before-mentioned polymer segments during yielding.62
A study by Bubek et al.76 correlated the decrease in the tan delta intensity at 80oC
(as measured by dynamic mechanical analysis) with the post-yield stress drop (PYSD)
measured in standard tensile tests. This particular transition (referred to here as the β2
transition, in keeping with Bubek’s notation) is believed to come from cooperative
motions of two or three repeat units, and it is known that the extent of physical aging
occurs very rapidly in this temperature range.76 In this way, the relative molecular
motions as measured by basic dynamic mechanical methods are correlated to the extent
of physical aging as quantified by the difference in the yield to draw stress of the
material.77 It should be noted that both the dynamic mechanical response as well as the
105

yield and post yield response are dramatically affected by alterations in test condition and
specimen geometry. Nonetheless, if these variables are maintained constant, this
technique can provide some correlative relationships.
With the introduction of copolycarbonates, it is natural to inquire as to the effect
of aging on these modified polycarbonate structures. A copolycarbonate of BPA-PC and
4,4’-dihydroxydiphenyl (DOD-PC) has been reported to have improved properties
compared to the BPA-PC homopolymer.85, 86 Aging has been shown to reduce the impact
strength of the DOD-PC, but not as drastically as BPA-PC.86 Since aging affects the
yield behavior, it should have an effect on the fracture by influencing the shear yielding
of the material.87 The distinctive shear yielding of polycarbonate was first observed in
fatigue loading by Takemori88, 89 and this “epsilon” process zone has been seen in both
notched and unnotched specimens89. The present investigation examines the effect of
aging on this DOD-PC in comparison to BPA-PC and trimethylcyclohexane (TMC-PC)
with respect to yield behavior and fracture toughness.
The focus of this work is to evaluate the effect of physical aging on commercial
polycarbonate and newly developed co-polycarbonate materials. Herein, both the Eyring
theory and the methods described by Bubek76, 77 are employed to evaluate the
susceptibility of these different polymers to physical aging. The effect of aging on
ductile, plane stress fracture behavior is examined in light of a single-specimen J-integral
analysis and visual inspection of the process zone around the crack tip, and a correlation
is sought between the effect of aging on the tensile yield behavior and the plane-stress
fracture mechanism. Due to the effect of physical aging on parameters such as Young's
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modulus and yield stress, it is expected that the size and/or shape of the resulting plastic
zone will also change. Ultimately, the effect of aging on the mechanical properties of
these different systems will be elucidated by examining and comparing the changes in
molecular structure.

5.2 Materials and Sample Preparation
Bayer Makrolon® 3208 (BPA-PC), Bayer Makrolon® 0134 (DOD-PC), and Bayer
Apec® 1800 were received in pellet form and dried overnight under vacuum at 50oC
before processing. The glass transition temperature (Tg) of each material, as received,
was determined via differential scanning calorimetry (DSC) using a TA Instruments DSC
2910 at a heating scan rate of 5oC/min. Plaques (100 mm x 150 mm x 3 mm) were
compression molded at 100oC above the measured Tg for 10 minutes at 30 ksi, and then
rapidly quenched to room temperature by cooling the compression platens with running
water at 25oC.
Some plaques were then immediately used for specimen fabrication (“quenched”
samples). Other plaques were annealed for 42 hours in air at a temperature between 815oC below the measured Tg before samples were cut (“annealed” samples). This
condition is based on other work in this research group with these materials that found
properties essentially unchanged after this length of annealing time.90 A summary of
chemical structures and processing conditions is given in Table 5.1.
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Table 5.1: Structures and Processing Conditions of BPA-PC, DOD-PC and TMC-PC
Structure
Measured Tg
Molding
Temperature
Annealing
Temperature

149oC

157oC

185oC

250oC

260oC

280oC

140oC

150oC

170oC

Sets of samples for thermal and mechanical testing from both quenched and
annealed plaques were fabricated. Small (~3 mg) samples were cut from the quenched
and annealed plaques for DSC scans.
Standard Type I tensile bars (ASTM D638-02a) were machined from the meltpressed plaques. Dimensions within the gauge length section (approximately 50 mm in
length) were approximately 12.5 mm wide by 3 mm thick.
Dynamic mechanical tests specimens (6 mm wide, 10 mm long, 3 mm thick) were
were machined from the same plaques used for tensile bars.
Compact-tension specimens (ASTM D5045-99) were cut from the plaques and a
sharp crack was introduced by tapping the machined notch with a fresh razor blade.

5.3 Experimental Methods
DSC scans were run on samples from the annealed plaques under the same
conditions as the virgin pellets.
Tensile testing was performed at room temperature (approximately 20oC), 40oC,
and 60oC on an Instron 5800 Universal Testing Machine fitted with a 50kN load cell.
Extension was measured with an Instron extensometer (50 mm gauge length) attached to
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the sample for the 20oC samples. Three crosshead extension speeds were used at each
temperature: 0.2, 2, and 20 mm per minute. A minimum of three samples were tested at
each extension speed.
The dynamic mechanical behavior was investigated using a TA Instruments
Dynamic Mechanical Analyzer (DMA) Model 2980 operating in single cantilever beam
mode. Samples were scanned from –140oC to 170oC at a rate of 2oC/min, a frequency of
1 Hz, and an amplitude of 15 μm.
Fracture toughness tests were carried out in an Instron 4400 Universal Testing
Machine fitted with a digital camera and a stereomicroscope. Load, crosshead
displacement, and crack length were continuously monitored with this setup. Each
specimen was monotonically loaded until a small amount of crack propagation was
observed, then unloaded to about 20% of the maximum load observed. A minimum of
seven loading and unloading cycles were performed on each specimen. Pictures were
taken in-situ during each test, from which the crack extension for each load cycle was
measured using Zeiss Image Analysis software. The crack and surrounding process zone
were subsequently sectioned, polished and examined using polarized optical microscopy
with the sample oriented 45o between crossed polars.

5.4 Results and Discussion
DSC traces for both quenched and annealed polycarbonate samples are shown in
Figure 5.1. All annealed samples show the characteristic endotherm associated with
physical aging as described previously. Although characterizing the extent of aging via
DSC was not a focus of this study, some general observations can be made regarding the
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calculated enthalpies associated with the observed endotherms. The numbers listed
correspond to the calculated enthalpies related to the heat lost upon aging. The lowest
heat loss is experienced by the BPA+DOD material, most likely due to its increased
molecular mobility. The BPA+TMC shows the highest heat loss, and is the stiffest
material from a molecular standpoint. These values can only be compared to each other
and do not represent the overall aging of the material as the enthalpy as a function of
aging time was not calculated.

Figure 5.1: Differential scanning calorimetry scans for annealed and quenched
polycarbonates. Numbers next to endotherms represent aging enthalpies, units of (J/g).
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Figure 5.2 shows the effect of test speed and annealing on the yield stress of each
material. For all materials, the yield stress increases both when the polymer is annealed
and when the test speed is increased. Note, however, that the change due to annealing
(~15% increase at all speeds) is significantly greater than that due to loading rate (~10%
from 0.2 to 20 mm/min). Comparing the BPA-PC and the TMC-PC, the TMC-PC has a
higher yield stress, commensurate with its higher glass transition temperature (185oC vs.
145oC).

Figure 5.2: Effect of annealing and test speed on yield stress of BPA-PC and DOD-PC.
If the material follows a thermally activated process, the yield stress scales
linearly with the test temperature T, or T-Tg (the difference between test temperature and
glass transition temperature). Previous work by Lesser91 has shown that for materials
with similar molecular structures, a linear shift in the yield stress can be observed when
chemically altering the Tg and comparing it with T – Tg. However, the opposite trend is
observed between the BPA-PC and the DOD-PC. The DOD-PC has a slightly lower
yield stress, although it has a higher glass transition temperature (157oC vs. 145oC). This
difference becomes more pronounced at higher speeds. This inverse relationship between
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Tg and yield stress in this material has been attributed to the low rotational energy barrier
between the phenylene units in the DOD unit structure.85, 86
Applying an Eyring-type thermal activation model for yield flow of the form:62

(5.1)

where

= octahedral shear yield stress (MPa)
= test temperature (K)
= activation energy for shear yielding (MJ/mol)
= activation volume for shear yielding (m3/mol)
= gas constant (= 8.314*10-6 MJ/mol ⋅ K)

T
E
v
R
Г

= octahedral shear strain rate
= phenomenological coefficient

Measuring yield stress as a function of rate allows for the calculation of the
activation volume; measuring yield stress as a function of temperature allows for the
calculation of the activation energy. Figure 5.3(a) shows the results of time- and
temperature-variance on the yield stress of quenched and annealed BPA, and Figure
5.3(b) the dependence for quenched and annealed DOD. The model parameters are given
in Table 5.2.
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(a)

(b)

Figure 5.3: Plots of
versus log
for (a) quenched and annealed BPA and (b)
quenched and annealed DOD at the following temperatures: (•) 20oC (▲) 40oC () 60oC.
Table 5.2: Eyring Thermally Activated Yield Model Parameters
Material
BPA
DOD

Activation Volume v
(m3/mol)
Quenched Annealed
0.0043
0.0045
0.0067
0.0069

Activation Energy E
(kJ/mol)
Quenched
Annealed
184
362
346
516

Activation Energy Density
(MJ/m3)
Quenched
Annealed
42.8
80.4
51.6
74.8

The activation volume remains relatively unchanged with processing for both
materials. However, it is slightly higher for the DOD material, due most likely to the
difference in structure. The DOD molecule structure is more linear as compared to that
of the BPA molecule. The activation energy likewise increases with annealing for both
materials as a result of the increase in yield stress. However, the activation energy for the
DOD is higher than that for the BPA, although it has a lower yield stress than the BPA
material under every test condition. This may be related to its higher glass transition
temperature (157oC versus 149oC). If both yielding and the glass transition are thermally
activated processes, more energy is needed to both yield the material as well as reach its
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glass transition. (Note: This analysis was not carried out for the TMC material as at
higher temperatures and test speeds, as the material fractured in tension before yield.)
Also of note is the trend in activation energy density, which is the ratio of
activation energy to activation volume. Although the significance of these parameters
have been debated (particularly the physical significance of the activation volume),62
work by Lesser and Calzia in relation to glassy thermosets92 postulate that this activation
energy density may be the controlling parameter governing yield in polymer glasses.
Polymers are known to follow variations on the von Mises yield criterion, which states
that yielding occurs when a critical distortional energy density is reached. In terms of
activation energy densities, a higher value indicates a more brittle material: as the
material is annealed, the activation energy and energy density increase due to molecular
rearrangement reducing free energy. Therefore, more energy must be added to disrupt
this order. Between the quenched materials, the DOD has a higher activation energy and
energy density due to the linearity of the DOD moiety, as stated previously. This
indicator of relative embrittlement shall be revisited in the section on fracture toughness.
The post-yield stress drop (PYSD) is defined schematically in Figure 5.4 as the
difference between the yield stress and the draw stress. Haward et al.93 related the
increase in this difference upon annealing with the requirement that more energy is
needed to reverse the chain configurations produced by annealing. Here, no values are
given for the TMC-PC for either quenched or annealed samples, since samples fractured
before a stable neck could be formed.
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Figure 5.4: Schematic definition of post yield stress drop (PYSD), indicated by arrow for
quenched and annealed BPA-PC.
Bubek77 correlated this PYSD quantitatively with the tan δ intensity at 80oC
measured via dynamic mechanical spectroscopy. Again, omitting the TMC-PC for this
analysis, the DMA spectra of quenched and annealed samples are shown in Figure 5.5(a)
(BPA-PC) and Figure 5.4(b) (DOD-PC). Annealing decreases this tan δ value: the BPAPC intensity reduces by 25%, the DOD-PC by 22%.

(a)

(b)

Figure 5.5: Plot of tan δ vs. temperature for quenched and annealed (a) BPA-PC and (b)
DOD-PC.
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A plot of tan δ versus post-yield stress drop (PYSD) is presented in Figure 5.6. As
both materials age, there is an increase in the PYSD and a decrease in tan δ as noted
previously. This is in good agreement with the findings of Bubeck.76, 77 It has been
reported that, since the structure of DOD-PC is more linear (and less conformationally
flexible) compared to that of BPA-PC,76, 85 it may be less affected by aging over a given
time.77

Figure 5.6: Tan δ intensity at 80oC vs. post-yield stress drop (%).
It would be expected that through its effect on yield, aging also affects material
fracture behavior. The most common approach to quantifying fracture behavior in ductile
materials is Rice’s J-integral treatment.94 The fracture toughness of ductile materials is
usually described via a J1C analysis. This involves measuring the energy needed to
propagate a crack in a nonlinear elastic material, i.e. where there is plasticity around the
crack and strict linear elastic mechanics do not apply. A simplified treatment95 of this
divides the energy into an elastic contribution and a plastic contribution:
(5.2)
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The first term is the elastic contribution, with
K1 = instantaneous stress intensity factor
ν = Poisson’s ratio ( = 0.4 for polycarbonate)
E = Young’s modulus
The second term is the inelastic contribution, with
η = dimensionless shape factor
Apl = plastic area under load-displacement curve
b = sample thickness
l = ligament length (length of uncracked portion of sample)
In the case of brittle fracture, a more applicable parameter is the energy release rate G1C.
In the linear elastic range, it is equal to J1C and is calculated according to Griffith:95
(5.3)

This type of J1C analysis requires knowledge of both the cyclic loading history and
the distance of incremental crack growth. As described in the experimental section, crack
growth is obtained with an in-situ setup, in comparison to the common method of
postmortem surface analysis of the crack arrest lines. The advantage of in-situ
measurements is that not only can crack growth be measured directly, but the evolution
of the process zone can also be monitored. From this setup, Jel and Jpl can be calculated
for each cycle and the total J can be thus be obtained by integration over all load cycles.
Plotting J versus crack extension (Δa), referred to as a J-R or resistance curve, and
extrapolating to zero extension results in a critical value for J, referred to as J1C. A
FORTRAN algorithm was used to analyze the load-displacement curve by integrating the
area under each cycle and calculating the energy for incremental crack growth, in
accordance with Equation (5.2).
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This resistance curve method has been developed and implemented in several
standards. ASTM E1820-01 was developed for use with metal materials, and calculates
crack growth from compliance calculations, crack-opening displacements, and
postmortem optical measurements. ASTM D6068-96 is a multiple-specimen J-R analysis
developed for use with plastics. Historically, this method has been applied to materials in
a state of plain strain. The materials tested in this experiment were in a state of plain
stress based on specimen thickness (~3mm). It has been shown that aging decreases the
brittle fracture response of polycarbonate96 and has a negligible effect on the plain strain
fracture toughness because the crazing mechanism dominant in plane strain fracture is
fairly insensitive to aging.87
The TMC-PC underwent brittle fracture at all speeds under the given test
conditions, thus necessitating a linear elastic fracture toughness K1C analysis rather than a
J-R curve, according to ASTM D5045-99. Figure 5.7 compares the K1C and G1C values
for the quenched and annealed TMC-PC. With this material having the highest glass
transition temperature, and thus the largest T-Tg value, it is expected to be the most
brittle. For the quenched material, there is a decreasing trend with speed for both fracture
toughness and energy release rate. This is to be expected due to the viscoelastic nature of
polycarbonate. As the rate of deformation increases, the ability of the polymer to respond
to that rate decreases. However, for the annealed material, no trend is evident for either
property with speed. Comparing the two processing states, the fracture toughness is
slightly lower at lower speeds, but not significantly different at higher rates. The energy
release rate is significantly lower for the annealed material, but again, at higher speeds,
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that difference disappears. This indicates that under high loading rates, annealing does
not change the fracture behavior significantly. Also of note is that the fracture energy of
the quenched material at 20 mm/min approaches that of the annealed material at 0.2
mm/min. This may indicate that under these particular conditions, the energy dissipation
mechanisms in the polymer are similar.

(a)

(b)

Figure 5.7: (a) Fracture toughness K1C and (b) energy release rate (G1C) for quenched and
annealed TMC-PC.
Both the BPA-PC and the DOD-PC underwent ductile fracture, necessitating a JR curve analysis. Figure 5.8 compares the J-R curves for quenched PC and DOD-PC,
tested at an extension rate of 0.2 mm/min. The tearing moduli values obtained were 357
for BPA-PC and 276 for DOD-PC. Based on this, the DOD-PC appears to be less
resistant to crack propagation, or more unstable once crack growth initiates.
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Figure 5.8: J-dA Curves for quenched BPA-PC and DOD-PC at 0.2 mm/min.
An alternate parameter to J1C is the tearing modulus,97, 98 defined as:
(5.4)

where E is the Young’s modulus, σy is an appropriate flow stress (such as the tensile yield
stress), and dJ/dA is the slope of the J-R curve. Annealing shows a much more dramatic
effect on the tearing moduli. For BPA-PC, the tearing modulus decreases from 357 to 94
(Figure 5.9a). For DOD-PC, this value decreases from 276 to 107 (Figure 5.9b). This
corresponds to a relative decrease of nearly 74% for the BPA-PC and 61% drop for the
DOD-PC copolymer. In both cases the differences in processing (through annealing) can
have a pronounced detrimental effect on both materials ability to stabilize crack growth.
It should also be noted that although the DOD-PC appears to have a lower relative
decrease, that the absolute final values between it and the BPA-PC are quite similar. This
indicates that in the annealed state, both polymers behave quite similarly. In both cases,
annealing decreases the crack resistance and stability of the materials. This may be
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attributable to localized ordering that occurs in amorphous polycarbonate with
annealing.80

(a)

(b)

Figure 5.9: J-dA curves for quenched and annealed (a) BPA-PC, and (b) DOD-PC.
Recalling the values for the activation energy density, the same relative ranking of
ductility is seen when comparing tearing moduli. The relationship between activation
energy density and tearing modulus appears to be linear, as seen in Figure 5.10. The
decrease in ductility seen in tensile experiments is manifested in the tearing modulus
measured in fracture toughness experiments. This indicates that annealing affects the
shear deformation during tensile elongation in the same manner as shear banding during
fracture process zone propagation.
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Figure 5.10: Tearing Modulus versus Activation Energy Density. Labels indicate material
and processing state (Qu = quenched, An = annealed).
Polarized optical micrographs of the fracture zones show markedly different
birefringence patterns both between compositions and between processing conditions.
Figures 5.11 and 5.12 show the process zones for quenched BPA and quenched DOD,
respectively. Qualitatively, the DOD zone appears to be smaller and may explain the
lower tearing modulus value, since less material yields and dissipates energy during the
fracture process. Both specimens showed shear banding during the fracture test, although
it appears from these pictures that the material directly in the plane of the crack advance
orients differently in these materials. The arcs seen along the edge of the crack seem to
correspond to the crack propagation cycles, arcs that are absent in the BPA material. The
DOD fracture appears to be more discontinuous, and the material around the crack front
orients more before the crack propagates through.
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Figure 5.11: Process zone of quenched BPA, showing close up regions around edge of
crack and crack tip.

Figure 5.12: Process zone of quenched DOD, showing close up regions around edge of
crack and crack tip.
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Examining this in light of a Von Mises-type process zone model,95 such as
(5.5)

where ρ
K1C
σ
ν
θ

=
=
=
=
=

size of the Irwin plastic zone26
plane strain fracture toughness
yield stress
Poisson’s Ratio
angle between the crack tip and a line of damage

Thus, this equation maps out a region of damage around a crack tip. For a state of plane
stress,
(5.6)
and substituting this into (5.5) gives
(5.7)

The necessary parameters were calculated from tensile and fracture tests and are
summarized in Table III for quenched BPA-PC and DOD-PC.
Table 5.3: Parameters for Von Mises Process Zone Model
Parameter
BPA-PC
DOD-PC
E (Young’s Modulus)
1.54 GPa
1.37 GPa
2
J1C
20.6 kJ/m
6.23 kJ/m2
56.1 MPa
55.7 MPa
σy (Yield Stress)
0.4
0.4
ν (Poisson’s Ratio)
For both BPA-PC and DOD-PC, plotting the damage zone distance as a function of angle
around the crack tip yields a kidney-shaped process zone, with a maximum radius of
slightly more than at 140o from the line of the crack (Figures 5.13(a) and 5.14(a)). This
appears to give a fairly good description of the length scale of deformation in front of the
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crack tip (Figures 5.13(b) and 5.14(b)). This shows physically that although the DOD-PC
has a slightly lower yield stress compared to the BPA-PC, it is more brittle, as shown by
the smaller process zone in front of the crack and the lesser amount of shear banding
around the crack.

(a)

(b)

Figure 5.13: (a) Plot of damage radius vs. angle around crack tip for BPA. (b) Graph
from (a) superimposed on damage zone in quenched BPA-PC. Radial markings are
approximately 1 mm apart, commensurate with the scale of the photo.
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(a)

(b)

Figure 5.14: (a) Plot of damage radius vs. angle around crack tip for DOD. (b) Graph
from (a) superimposed on damage zone in quenched DOD-PC. Radial markings are
approximately 0.5 mm apart, commensurate with the scale of the photo.
Upon annealing, both process zones undergo significant narrowing and
elongation, as shown in Figure 5.15 for BPA-PC and Figure 16 for DOD-PC. This zone
narrowing suggests less crack tip shielding and a lower tearing modulus for both
materials, which is observed from the fracture toughness tests. Also, the elongation of the
zone indicates less inherent material resistance to crack propagation. It appears that the
annealing process affects both materials in roughly the same way, mainly to reduce the
population of molecular conformations available to deform in response to applied stress.
The suppression of yielding is evident in the closeup side views, particularly in Figure 14.
The “epsilon” form can be seen here, but the shear banding zone is arrested before
developing enough to provide stress shielding to the crack, thus allowing it to propagate
faster under a given load.
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Figure 5.15: Process zone of annealed BPA, showing close up regions around edge of
crack and crack tip.

Figure 5.16: Process zone of annealed DOD, showing close up regions around edge of
crack and crack tip.
Examining further in terms of the analysis, it is desired to know how the process
zone changes with increase in crack growth – and thus, an increase in energy release rate
J. From Figure 5.9, it is seen that the tearing modulus decreases upon annealing;
therefore, it would be expected that some change in the process zone evolution would
also take place. Annealing embrittles the material such that cracks propagate more easily
and it is more facile to “tear” the polymer. For each value of J (corresponding to a
specific crack length), the damage zone can be calculated according to Equation (5.4).
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Figure 5.17 shows a plot of the calculated damage parameter at its maximum value (140o,
from Figures 5.13(a) and 5.14(a)) as a function of crack growth for each material.

(a)

(b)

Figure 5.17: Damage parameter ρ vs. crack extension for quenched and annealed (a)
BPA-PC and (b) DOD-PC.
From the slope values indicated, annealing decreases the damage parameter by
approximately 74% for the BPA and 61% for the DOD - the same decreases seen in the
tearing modulus values. This indicates that for these systems, the tearing modulus is a
good indicator of damage under different processing conditions. This proportionality of
ρ to T via the J-R curve indicates a relationship between process zone size and material
toughness. In order for a material to exhibit a desired toughness, a certain amount of
material must plastically deform to absorb energy. Upon annealing, the material’s ability
to deform is arrested – it is seen in the process zones and is quantified by the parameter ρ.
In this case, comparing the entire J-R curve99 as well as tearing modulus values offer a
better indication of fracture behavior than J1C alone.
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5.5 Conclusions and Further Work
The tensile yield and fracture behavior of BPA-PC, DOD-PC, and TMC-PC have
been compared. Annealing increases the yield stress for all materials, and has more of an
effect than rate. An Eyring-type thermally-activated flow model was applied to the
quenched and annealed BPA and DOD systems. Annealing increases the energy required
to activate yield flow. Comparing the quenched state BPA and DOD, the DOD has a
higher activation energy than the BPA, although it has a lower yield stress. This may be
attributed to its higher glass transition temperature. Although macroscopically the
structure yields under a lower applied stress, the microstructure (namely, the linear DOD
moiety) is stiffer than the BPA structure and thus requires more thermal energy on a
molecular level to activate flow. The DOD-PC also shows a slightly better resistance to
the effects of aging in terms of its yield response. This may be attributed to the
copolymer structure, in that the DOD segments disrupt alignment of the BPA segments
and thus long-term order is avoided. The calculation of activation energy density gives a
relative ranking of the materials in terms of ductility that correlates well with fracture
toughness observations.
As would be expected, the energy release rate for the TMC-PC material is lower
than that of either the BPA-PC or DOD-PC, since it is more brittle and undergoes a K1Ctype fracture. The DOD copolymer is inherently more brittle that the PC homopolymer
as evidenced by comparisons of the quenched state fracture properties for each. The
application of the tearing modulus analysis appears to describe the relative toughness of
the ductile materials better than a traditional J1C analysis. This is in agreement with the
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predictions obtained from tensile experiments using activation energy density. Although
there has been debate as to the physical parameters of the thermal activation model as
cited previously, relating the ductility to the tearing modulus appears to give a good
correlation for there materials in which the primary deformation mode is shear yielding.
A von Mises-type cohesive zone model predicts reasonably well the size and
shape of the process zone in front of the crack for both materials. By correlating the
tearing modulus with the damage parameter, an estimation of the relationship between
process zone deformation and material ductility can be made.
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APPENDICES

A.1 CHAPTER 2 – Wave Propagation Equations for X-Z and Y-Z Planes1
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A.2 CHAPTER 2 – Scilab Code for Simulation of Transmission Spectra for Single
Ply Glass
This code enters the glass properties into program memory. Liquid half-spaces 1 and 2
are water, laminate layer 1 is glass. This nomenclature was used to maintain consistency
with the multi-layer laminate examined subsequently.
// filename: spg.sci
rho1=1000; // Density of liquid half-space 1, kg/m^3
c1=1490;
// Longitudinal wavespeed in liquid half-space 1, m/s
z1=rho1*c1; // Impedance of liquid half-space 1, kg/m*s
rho2=2475; // Density of laminate layer 1, kg/m^3
c2=5780;
// Longitudinal wavespeed in laminate layer 1, m/s
b2=3470;
// Shear wavespeed in laminate layer 1, m/s
d2=0.003;
// Thickness of laminate layer 1, m
z2=rho2*c2; // Impedance of laminate layer 1, kg/m*s
rho3=1000; // Density of liquid half-space 2, kg/m^3
c3=1490;
// Longitudinal wavespeed in liquid half-space 2, m/s
z3=rho3*c3; // Impedance of liquid half-space 2, kg/m*s
// Fin.

This code defines a function that calculates the transmission output [y] as a function of
frequency [x]. It is based on Equation 2.13.
function [y]=spgf2(x)
y=4*(z2/(z1*sin((2*%pi*x)/c2)))^2/(4*((z2/z1)*cotg((2*%pi*x)/c2)^2)+
(((z2/(z1*sin((2*%pi*x)/c2)))^2^2)-(((z2/z1)*cotg((2*
%pi*x)/c2))^2)+1)^2)
endfunction

This code loads into memory both the spg.sci file variables and the spgf2 function that
calculates the transmission output values, executes the function over a range of frequency
values, and writes both the frequency and transmission values to a file for further
analysis. The frequency range (x vector) runs from 122 kHz to 29.541 MHz in intervals
of 122 kHz. This interval was chosen to match the FFT output interval from the
Panametrics software.
exec("/Users/acesigma/Dropbox/Scilab/2B/spg.sci")
getf("/Users/acesigma/Dropbox/Scilab/2B/spgf2.sci")
x=[122000:122000:29541000]';
i=length(x);
for j=1:i,A(j)=spgf2(x(j)),end;
C=[x,A];

print('spg2.txt',C);
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A.3 CHAPTER 2 – Scilab Code for Simulation of Transmission Spectra for GlassPolymer-Glass Laminate
This code enters the glass properties into program memory. Liquid half-spaces 1 and 2
are water, laminate layers 1 and 3 are glass, and laminate layer 2 is polyvinyl butyral.
//
rho1=1000; //
c1=1500;
//
z1=rho1.*c1;
rho2=2250; //
c2=5250;
//
b2=3200;
//
d2=0.0023; //
rho3=1080; //
c3=1221;
//
b3=153;
//
d3=0.0007; //
rho4=2250; //
c4=5250;
//
b4=3200;
//
d4=0.0023; //
rho5=1000; //
c5=1500;
//
z5=rho5.*c5;
// Fin.

Density of liquid half-space 1, kg/m^3
Longitudinal wavespeed in liquid half-space 1, m/s
// Impedance of liquid half-space 1, kg/m*s
Density of laminate layer 1, kg/m^3
Longitudinal wavespeed in laminate layer 1, m/s
Shear wavespeed in laminate layer 1, m/s
Thickness of laminate layer 1, m
Density of laminate layer 2, kg/m^3
Longitudinal wavespeed in laminate layer 2, m/s
Shear wavespeed in laminate layer 2, m/s
Thickness of laminate layer 2, m
Density of laminate layer 3, kg/m^3
Longitudinal wavespeed in laminate layer 3, m/s
Shear wavespeed in laminate layer 3, m/s
Thickness of laminate layer 3, m
Density of liquid half-space 2, kg/m^3
Longitudinal wavespeed in liquid half-space 2, m/s
// Impedance of liquid half-space 2, kg/m*s

This code sets up the function to calculate the transmission value at each in a range of
frequencies. The x vector is frequency, in this case set up to go from 122 kHz to 30 MHz
in intervals of 122 kHz. Because of the nested matrix calculations in each step, the code
has to be written as a program to loop through the iterative calculations, as opposed to
writing a function directly as was done for the single-ply glass.
//
// Define the x (frequency) vector
x=[122000:122000:30000000]';
//
// Count the frequency vector entries for loop counter
v=length(x);
//
// Start the loop to calculate the transmission coefficient
for i=1:v
//
a2=[cos((d2*2*%pi*x(i))/b2),0,0,(1/(2*%pi*x(i)*b2*rho2))*sin((d2*2*
%pi*x(i))/b2);0,cos((d2*2*%pi*x(i))/c2),(1/(2*
%pi*x(i)*c2*rho2))*sin((d2*2*%pi*x(i))/c2),0;0,-(2*
%pi*x(i))*rho2*c2*sin((d2*2*%pi*x(i))/c2),cos((d2*2*%pi*x(i))/c2),0;(2*%pi*x(i))*rho2*b2*sin((d2*2*%pi*x(i))/b2),0,0,cos((d2*2*
%pi*x(i))/b2)];
a3=[cos((d3*2*%pi*x(i))/b3),0,0,(1/(2*%pi*x(i)*b3*rho3))*sin((d3*2*
%pi*x(i))/b3);0,cos((d3*2*%pi*x(i))/c3),(1/(2*
%pi*x(i)*c3*rho3))*sin((d3*2*%pi*x(i))/c3),0;0,-(2*
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%pi*x(i))*rho3*c3*sin((d3*2*%pi*x(i))/c3),cos((d3*2*%pi*x(i))/c3),0;(2*%pi*x(i))*rho3*b3*sin((d3*2*%pi*x(i))/b3),0,0,cos((d3*2*
%pi*x(i))/b3)];
a4=[cos((d4*2*%pi*x(i))/b4),0,0,(1/(2*%pi*x(i)*b4*rho4))*sin((d4*2*
%pi*x(i))/b4);0,cos((d4*2*%pi*x(i))/c4),(1/(2*
%pi*x(i)*c4*rho4))*sin((d4*2*%pi*x(i))/c4),0;0,-(2*
%pi*x(i))*rho4*c4*sin((d4*2*%pi*x(i))/c4),cos((d4*2*%pi*x(i))/c4),0;(2*%pi*x(i))*rho4*b4*sin((d4*2*%pi*x(i))/b4),0,0,cos((d4*2*
%pi*x(i))/b4)];
//
// 'At' is the total transfer matrix, product of matrices of all the
// layers
At=a4*a3*a2;
//
// M values (from Brekhovskikh matrix transfer calculations, references
// in text)
M22=At(2,2)-(((At(2,1)*At(4,2))/At(4,1)));
M23=At(2,3)-(((At(2,1)*At(4,3))/At(4,1)));
M32=At(3,2)-(((At(3,1)*At(4,2))/At(4,1)));
M33=At(3,3)-(((At(3,1)*At(4,3))/At(4,1)));
//
// Calculates transmission [y] for each frequency [x] according to
// Equation 2.14
N=-2*%i*2*%pi*x(i)*z1;
O=M32-(%i*2*%pi*x(i)*z1*M33);
P=((%i*2*%pi*x(i)*M22)+(z1*4*%pi*%pi*(x(i)^2)*M23))*z5;
W=N/(O-P);
y(i)=((abs(W))^2);
end
// Fin.
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